PRACTICAL FLUID 
MECHANICS FOR 





PRACTICAL FLUID 
MECHANICS FOR 
ENGINEERING 
APPLICATIONS 


ором — 


MECHANICAL ENGINEERING 
A Series of Textbooks and Reference Books 


L. L. Faulkner 


Columbus Division, Battelle Memorial Institute 
and Department of Mechanical Engineering 
The Ohio State University 
Columbus, Ohio 


Spring Designer's Handbook, Harold Carlson 

Computer-Aided Graphics and Design, Daniel L. Ryan 

Lubrication Fundamentals, J. George Wills 

Solar Engineering for Domestic Buildings, William A. Himmelman 
Applied Engineering Mechanics: Statics and Dynamics, G. Boothroyd 
and C. Poli 


6. Centrifugal Pump Clinic, Igor J. Karassik 


со ы 


12. 
13. 


14. 
15. 
16. 
17. 


18. 


-à 


о 


20. 
. Controlling In-Plant Airborne Contaminants: Systems Design and Cal- 


22. 
23. 


24. 


729 


Computer-Aided Kinetics for Machine Design, Daniel L. Ryan 

Plastics Products Design Handbook, Part A: Materials and Components; 
Part B: Processes and Design for Processes, edited by Edward Miller 
Turbomachinery: Basic Theory and Applications, Earl Logan, Jr. 
Vibrations of Shells and Plates, Werner Soedel 

Flat and Corrugated Diaphragm Design Handbook, Mario Di Giovanni 
Practical Stress Analysis in Engineering Design, Alexander Blake 

An Introduction to the Design and Behavior of Bolted Joints, John H. 
Bickford 

Optimal Engineering Design: Principles and Applications, James N. Siddall 
Spring Manufacturing Handbook, Harold Carlson 

Industrial Noise Control: Fundamentals and Applications, edited by 
Lewis H. Bell 

Gears and Ther Vibration: A Basic Approach to Understanding Gear 
Noise, J. Derek Smith 

Chains for Power Transmission and Material Handling: Design and Appli- 
cations Handbook, American Chain Association 

Corrosion and Corrosion Protection Handbook, edited by Philip A. 
Schweitzer 

Gear Drive Systems: Design and Application, Peter Lynwander 


culations, John D. Constance 

CAD/CAM Systems Planning and Implementation, Charles S. Knox 
Probabilistic Engineering Design: Principles and Applications, James N. 
Siddall 

Traction Drives: Selection and Application, Frederick W. Heilich tll and 
Eugene E. Shube 


25. 
26. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 
34. 
35. 
36. 
37. 
38. 
39. 
40. 
41. 


42. 
43. 


44. 
45. 
46. 
47. 
48. 
49. 
50. 


51. 
52. 


53. 
54. 


55. 


Finite Element Methads: An Introduction, Ronald L. Huston and Chris E. 
Passerello 

Mechanical Fastening of Plastics: An Engineering Handbook, Brayton Lin- 
coln, Kenneth J. Gomes, and James F. Braden 

Lubrication in Practice: Second Edition, edited by W. S. Robertson 
Principles of Automated Drafting, Daniel L. Ryan 

Practical Seal Design, edited by Leonard J. Martini 

Engineering Documentation for CAD/CAM Applications, Charles S. Knox 
Design Dimensioning with Computer Graphics Applications, Jerome C. 
Lange 

Mechanism Analysis: Simplified Graphical and Analytical Techniques, Lyn- 
don O. Barton 

CAD/CAM Systems: Justification, Implementation, Productivity Measure- 
ment, Edward J. Preston, George W. Crawford, and Mark E. Coticchia 
Steam Plant Calculations Manual, V. Ganapathy 

Design Assurance for Engineers and Managers, Jonn A. Burgess 

Heat Transfer Fluids and Systems for Process and Energy Applications, 
Jasbir Singh 

Potential Flows: Computer Graphic Solutions, Robert H. Kirchhoff 
Computer-Aided Graphics and Design: Second Edition, Daniel L. Ryan 
Electronically Controlled Proportional Valves: Selection and Application, 
Michael J. Tonyan, edited by Tobi Goldoftas 

Pressure Gauge Handbook, AMETEK, U.S. Gauge Division, edited by 
Philip W. Harland 

Fabric Filtration for Combustion Sources: Fundamentals and Basic Tech- 
nology, R. P. Donovan 

Design of Mechanical Joints, Alexander Blake 

CAD/CAM Dictionary, Edward J. Preston, George W. Crawford, and 
Mark E. Coticchia 

Machinery Adhesives for Locking, Retaining, and Sealing, Girard S. Havi- 
land 

Couplings and Joints: Design, Selection, and Apptication, Jon R. Mancuso 
Shaft Alignment Handbook, John Piotrowski 

BASIC Programs for Steam Plant Engineers: Boilers, Combustion, Fluid 
Flow, and Heat Transfer, V. Ganapathy 

Solving Mechanical Design Problems with Computer Graphics, Jerome 
C. Lange 

Plastics Gearing: Selection and Application, Clifford E. Adams 

Clutches and Brakes: Design and Selection, William C. Orthwein 
Transducers in Mechanical and Electronic Design, Harry L. Trietley 
Metallurgical Applications of Shock-Wave and High-Strain-Rate Phenom- 
ena, edited by Lawrence E. Murr, Karl P. Staudhammer, and Marc A. 
Meyers 

Magnesium Products Design, Robert S. Busk 

How to Integrate CAD/CAM Systems: Management and Technology, Wil- 
liam D. Engelke 

Cam Design and Manufacture: Second Edition; with cam design soft- 
ware for the IBM PC and compatibles, disk included, Preben W. Jensen 


56. 


57. 
58. 


59. 


60. 


61. 
62. 
63. 
64. 
65. 
66. 
67. 
68. 
69. 
70. 
71. 
72. 
73. 
74. 
75. 


76. 
77. 


78. 
79, 
80. 
81. 
82. 
83. 


84. 


Solid-State AC Motor Controls: Selection and Application, Sylvester Camp- 
bell 

Fundamentals of Robotics, David D. Ardayfio 

Belt Selection and Application for Engineers, edited by Wallace D. Erick- 
son 

Developing Three-Dimensional CAD Software with the IBM PC, C. Stan 
Wei 

Organizing Data for CIM Applications, Charles S. Knox, with contri- 
butions by Thomas C. Boos, Ross S. Culverhouse, and Paul F. 
Muchnicki 

Computer-Aided Simulation in Railway Dynamics, by Rao V. Dukkipati 
and Joseph R. Amyot 

Fiber-Reinforced Composites: Materials, Manufacturing, and Design, P. 
K. Mallick 

Photoelectric Sensors and Controls: Selection and Application, Scott M. 
Juds 

Finite Element Analysis with Personal Computers, Edward R, Champion, 
Jr., and J. Michael Ensminger 

Ultrasonics: Fundamentals, Technology, Applications: Second Edition, 
Revised and Expanded, Dale Ensminger 

Applied Finite Element Modeling: Practical Problem Solving for 
Engineers, Jeffrey M. Steele 

Measurement and instrumentation in Engineering: Principles and Basic 
Laboratory Experiments, Francis S. Tse and Ivan E. Morse 

Centrifugal Pump Clinic: Second Edition, Revised and Expanded, \gor J. 
Karassik 

Practical Stress Analysis in Engineering Design: Second Edition, Revised 
and Expanded, Alexander Blake 

An introduction to the Design and Behavior of Bolted Joints: Second 
Edition, Revised and Expanded, John H. Bickford 

High Vacuum Technology: A Practical Guide, Marsbed H. Hablanian 
Pressure Sensors: Selection and Application, Duane Tandeske 

Zinc Handbook: Properties, Processing, and Use in Design, Frank Porter 
Thermal Fatigue of Metals, Andrzej Weronski and Tadeusz Hejwowski 
Classical and Modern Mechanisms for Engineers and Inventors, Preben 
W. Jensen 

Handbook of Electronic Package Design, edited by Michael Pecht 
Shock-Wave and High-Strain-Rate Phenomena in Materials, edited by 
Marc A. Meyers, Lawrence E. Murr, and Karl P. Staudhammer 

Industrial Refrigeration: Principles, Design and Applications, P. C. Koelet 
Applied Combustion, Eugene L. Keating 

Engine Oils and Automotive Lubrication, edited by Wilfried J. Bartz 
Mechanism Analysis: Simplified and Graphical Techniques, Second Edition, 
Revised and Expanded, Lyndon O. Barton 

Fundamental Fluid Mechanics for the Practicing Engineer, James W. 
Murdock 

Fiber-Reinforced Composites: Materials, Manufacturing, and Design, Sec- 
ond Edition, Revised and Expanded, P. K. Mallick 

Numerical Methods for Engineering Applications, Edward R. Champion, Jr. 


85. 


86. 


87. 


88. 


89. 
90. 


91. 
92. 


93. 
94. 


95. 


96. 


97. 


98. 


99. 


100. 
101. 


102. 
193. 
104. 
105. 


106. 
107. 
108. 


109. 
110. 


112. 


113. 


Turbomachinery; Basic Theory and Applications, Second Edition, 
Revised and Expanded, Earl Logan, Jr. 

Vibrations of Shells and Plates: Second Edition, Revised and Expanded, 
Werner Soedel 

Steam Plant Calculations Manual: Second Edition, Revised and Ex 
panded, V. Ganapathy 

industrial Noise Control: Fundamentals and Applications, Second Edition, 
Revised and Expanded, Lewis H. Bell and Douglas H. Bell 

Finite Elements: Their Design and Performance, Richard H. MacNeal 
Mechanical Properties of Polymers and Composites: Second Edition, Re- 
vised and Expanded, Lawrence E. Nielsen and Robert F. Landel 
Mechanical Wear Prediction and Prevention, Raymond G. Bayer 
Mechanical Power Transmission Components, edited by David W. South 
and Jon R. Mancuso 

Handbook of Turbomachinery, edited by Earl Logan, Jr. 

Engineering Documentation Control Practices and Procedures, Ray E. 
Monahan 

Refractory Linings Thermomechanical Design and Applications, Charles 
A. Schacht 

Geometric Dimensioning and Tolerancing: Applications and Techniques 
for Use in Design, Manufacturing, and Inspection, James D. Meadows 
An Introduction to the Design and Behavior of Bolted Joints: Third Edi- 
ton, Revised and Expanded, John H. Bickford 

Shaft Alignment Handbook: Second Edition, Revised and Expanded, 
John Piotrowski 

Computer-Aided Design of Polymer-Matrix Composite Structures, edited 
by Suong Van Hoa 

Friction Science and Technology, Peter J. Blau 

introduction to Plastics and Composites: Mechanical Properties and 
Engineering Applications, Edward Miller 

Practical Fracture Mechanics in Design, Alexander Blake 

Pump Characteristics and Applications, Michael W. Volk 

Optical Principles and Technology for Engineers, James E. Stewart 
Optimizing the Shape of Mechanical Elements and Structures, A. A. 
Seireg and Jorge Rodriguez 

Kinematics and Dynamics af Machinery, Vladimir Stejskal and Michael 
Valášek 

Shaft Seals for Dynamic Applications, Les Horve 

Reliability-Based Mechanical Design, edited by Thomas A. Cruse 
Mechanical Fastening, Joining, and Assembly, James A. Speck 
Turbomachinery Fluid Dynamics and Heat Transfer, edited by Chunill 
Hah 


. High-Vacuum Technology: A Practical Guide, Second Edition, Revised 


and Expanded, Marsbed H. Hablanian 

Geometric Dimensioning and Tolerancing: Workbook and Answerbook, 
James D. Meadows 

Handbook of Materials Selection for Engineering Applications, edited by 
G. T. Murray 


114. 


115. 


116. 
117. 
118. 
119. 
120. 


121. 


122. 
123. 
124. 
125. 


Handbook of Thermoplastic Piping System Design, Thomas Sixsmith and 
Reinhard Hanselka 

Practical Guide to Finite Elements: A Solid Mechanics Approach, Steven 
M. Lepi 

Applied Computational Fluid Dynamics, edited by Vijay K. Garg 

Fluid Sealing Technology, Heinz K. Muller and Bernard S. Nau 

Friction and Lubrication in Mechanical Design, A. A. Seireg 

Influence Functions and Matrices, Yuri A. Melnikov 

Mechanical Analysis of Electronic Packaging Systems, Stephen A. 
McKeown 

Couplings and Joints: Design, Selection, and Application, Second 
Edition, Revised and Expanded, Jon R. Mancuso 

Thermodynamics: Processes and Applications, Earl Logan, Jr. 

Gear Noise and Vibration, J. Derek Smith 

Practical Fluid Mechanics for Engineering Applictions, John J. Bloomer 
Handbook of Hydraulic Fluid Technology, edited by George E. Totten 


Additional Volumes in Preparation 


Heat Exchanger Design Handbook, T. Kuppan 


Mechanical Engineering Software 
Spring Design with an IBM PC, Al Dietrich 


Mechanical Design Failure Analysis: With Failure Analysis System Soft- 
ware for the IBM PC, David G. Ullman 


PRACTICAL FLUID 
MECHANICS FOR 
ENGINEERING 

APPUCATIONS 





am 
JOHN J. BLOOMER 


Selas Corporation of America 
Dresher, Pennsylvania 


MARCEL 


MARCEL DEKKER, INC. New York « Base 


DEKKER 


Bloomer, John J. 
Practical fluid mechanics for engineering applications / John J. Bloomer. 
p. cm. — (Mechanical engineering; 124) 

ISBN 0-8247-9575-X (alk. paper) 

1. Fluid mechanics. I. Title, I. Series: Mechanical engincering (Marcel 
Dekker, Inc.); 124. 
TA357.B59 2000 
620.1'06—-de21 99-39935 

CIP 


This book is printed on acid-free paper. 


Headquarters 

Marcel Dekker, Inc. 

270 Madison Avenue, New York, NY 10016 

tel: 212-696-9000; fax: 212-685-4540 

Eastern Hemisphere Distribution 

Marcel Dekker AG 

Hutgasse 4, Postfach 812, CH-4001 Basel, Switzerland 
tel: 41-61-261-8482; fax: 41-61-261-8896 


World Wide Web 
http://www.dekker.com 


The publisher offers discounts on this book when ordered tn bulk quantities. For more infor- 
mation, write ta Special Sales/Professional Marketing at the headquarters address above. 


Copyright © 2000 by Marcel Dekker, Inc. All Rights Reserved. 


Neither this book nor any part may be reproduced or transmitted in any form or by any 
means, electronic or mechanical, including photocopying, microfilming, and recording, or 
by any information storage and retrieval system, without permission in writing from the 
publisher. 


Current printing (last digit) 
1098765432 1 


PRINTED IN THE UNITED STATES OF AMERICA 


To the memory of James Murdock 


This page intentionally left blank 


Preface 


When Jim Murdock first approached me about the idea for this book. I was 
impressed. Ht seemed to me that a book covering the practical side of fluid 


mechanics would be ideal for the practicing engineer. Jim asked me to 
become a coauthor of the project, but unfortunately he passed away before 
we began work. I inherited a partially completed manuscript that was based 
on his earlier introductory book on the subject, Fundamental Fluid 
Mechanics for the Practicing Engineer. 

I completed this "stand-alone" book, trying as much as possible to keep 
Jim's original ideas alive. What has resulted 1s a book that can be used by 
engineers and technicians who have no memory of or no formal training in 
the theoretical mathematics that provides a foundation for most of today's 
undergraduate fluid mechanics texts. The book is designed as both a refer- 
ence and a primer. Although intended for the practicing engineer, this book 
can also be used to augment the material covered in an undergraduate fluid 
mechanics class because it presents useful design procedures and many hard- 
to-find fluid properties. 

The book is organized into eight chapters. Chapters |! 3 present intro- 
ductory definitions, equations, and derivations that are useful for the mate- 
rial that follows. The material can be used to refresh the reader's knowledge 
in a particular area or it may be skipped and referred to later as questions 
arise, Chapters 4-8, the heart of the book, cover subjects such as pipe flow 
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and system design. flow in open channels, flow measurement methods, 
forces on immersed objects, and unsteady flow. Over 50 fully solved exam- 
ples are given to illustrate each concept. The examples are solved in the U.S. 
Customary System (USCS) of units, with conversions provided for use with 
the System International (SD) units. 

Appendixes are provided that give useful supplementary information for 
this text and many other applications. Appendix A provides engineering 
conversion factors. Appendix B supplies information on pipe schedules. 
Appendix C is a compilation of properties of areas, pipes, and tubing. 
Finally, Appendix D contains the saturated, critical, and gas properties of 
49 fluids, and the viscosity and density of compressed water and saturated 
steam. 

Writing a book is an enormous undertaking and it requires the efforts, 
cooperation, and understanding of many. |! wish to thank the editorial staff 
of Marcel Dekker, Inc., for their belief in this project and the encourage- 
ment to finish. I also need to thank my former mentors at Drexel University, 
my current colleagues at Selas Corporation of America, and the estate of 
James Murdock for their help at various points during this process. | am 
most grateful for the support of my Mom and Dad. brothers and sisters. 
Keenans, and friends (in fact. my Dad and brothers-in-law Ed and Steve are 
my inspiration for all things practical involving pipe flow), Finally, my 
heartfelt thanks to my wife, Regina, and my daughter, Mary Beth, for 
their patience, love, and motivation through this and ali my endeavors. 


John J. Bloomer 
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Basic Concepts of Fluid Mechanics 


1.1 INTRODUCTION 


The purpose of this chapter is to review the fundamental concepts of fluid 
mechanics and to provide a sound foundation for the development of equa- 
tions throughout this book. It is assumed that the reader has an under- 
standing of basic undergraduate mathematics and engineering principles. 
If further development of the principles outlined in this chapter is desired, 
the reader is directed to any introductory fluid mechanics text (suggested 
references are provided at the conclusion of this chapter). 

This chapter outlines basic Huid characteristics, classifications, and prop- 
erties. A brief outline of the fundamental thermodynamic concepts required 
in fluid mechanics is also provided. Chapter 2 follows with the development 
of the equations that describe fluids at rest, and Chapter 3 completes the 
introductory material of the text with a description of the equations of fluids 
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introductory material to engineering problems. 


1.2 CHARACTERISTICS OF A FLUID 


Substances may be classified by their response when at rest to the imposition 
of a shear force. Consider the two very large plates. one moving, the other 
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stationary, separated by a small distance v shown in Figure 1.1. The space 
between these plates ts filled with a substance whose surfaces adhere in such 
a manner that the upper surface of the substance moves at the same velocity 
as the upper plate while the bottom surface is stationary. As a result of the 
imposition of the shear force F, when the upper plate moves, the upper 
surface of the substance attains a velocity X, As v approaches dy. U 
approaches dU and the rate of deformation of the substance becomes dlU// 
dy. The unit shear stress t = F,/A,, where A, is the shear area. 

A plot of shear stress as a function of deformation rate (dU/dy) 1s illu- 
strated in Figure 1.2 for several substances. An ideal solid, or elastic solid, 
will resist an imposed shear force, and its rate of deformation will be zero, 
regardless of loading. Shear stress for an elastic solid is therefore coincident 
with the y-axis of Figure 1.2. A plastic will resist shear until its yield stress is 
attained, and then the application of additional loading will cause it to 
deform continuously or flow. If the deformation rate is directly proportional 
to the applied shear stress less that required to start flow, then it is called an 
ideal plastic or Bingham plastic. If the substance is unable to resist even the 
slightest amount of shear force without flowing, then it is called a fluid. An 
ideal fluid has no internal friction, and hence its deformation rate coincides 
with the x-axis of Figure 1.2. All real fluids have internal friction, so their 
rate of deformation is a function of the applied shear stress. If the rate of 
deformation is directly proportional to the applied shear stress, the fluid is 
called a Newtonian fluid. Under normal conditions, fluids such as air and 
water are Newtonian fluids. The deformation rate of a non-Newtonian fluid 
is not directly proportional to an applied shear stress. Examples of non- 
Newtonian fluids are polymer solutions and blood. 


Fs 


Moving plate 






Fixed Plate 
ммм ғғ ғ ғғ ғғ ғ ғ ғғ т ғғ ғғ ғғ 


Figure 1.1 Example of substance flow between parallel plates. 
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Shear stress, t | pr" 
Ideal solid Plastic 








Ideal Plastic 


Non-Newtonian fluid 


Newtonian fluid 


Ideal fluid 





Rate of deformation (dU/dy) 


Figure 1.2) Deformation rate characteristics of several substances. 


The behavior of Newtonian fluids is of interest for most common engi- 
neering problems and, thus, is the main focus of this book. The fact that the 
rate of deformation is directly proportional to the applied shear stress for 
Newtonian fluids is mathematically expressed as equation (1.1): 

ау 
То -- (1.1) 
ау 
The constant of proportionality required for equality of equation (1.1) is 
known as the absolute or dynumic viscosity (uw). Equation (1.1) can therefore 
be rewritten as equation (1.2): 


dU 
т=п (1.2) 
dy 





Equation 1.2 is known as Newton’s law of viscosity. 

Absolute viscosity will be discussed further in Section 1.4; for now it can 
be said that it is a measure of the internal friction. As will be seen through- 
out this book, it is sometimes convenient to assume that a fluid behaves 
ideally (i.e., no internal friction); such fluids are commonly referred to as 
inviscid fluids. 
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13 KINDS OF FLUIDS 


For the purposes of the application of fluid mechanics to design it is con- 
venient to consider two kinds of fluids: compressible and incompressible. 
These characteristics are determined by the molecular spacing and arrange- 
ment, or phase, of the substance. In general. changes in density are negligible 
for incompressible flows but are not negligible for compressible flows. 
Several statements can be made about the compressible/incompressible nat- 
ure of fluids that depend on the phase: 


Liquids arc considered to be incompressible except at very high pressures. 
Unless otherwise specified in this book, liquids are assumed to be incom- 
pressible. 

Vapors are gases at temperatures below their critical temperatures and are 
compressible, but their temperature—pressure--volume relationships can- 
not be expressed by simple mathematical equations like the ideal gas law. 
Vapor properties are usually tabulated, as, for example, in steam and 
refrigeration tables. 

Gases are compressible fluids. Gases behave ideally (1.c.. the pressure 
volume-temperature relation can be expressed by the ideal gas law, as 
discussed in Section 1.5) if the ratio of the temperature of the substance to 
the critical temperature approaches infinity and the ratio of the pressure 
to the critical. pressure approaches zero. No real gas follows this law 


avarth, unda cim лый лл gag annat Patata te alen wvneented 3 
exactly, and a simple nonidcal gas equation oi state is aiso presented in 


Section 1.5, 


1.4 FLUID PROPERTY DEFINITIONS 


Basic fluid properties used throughout this book are defined in this section. 
The units commonly used for each property arc provided in both the U.S. 
Customary System (USCS) and the Systéme Internationale (SI) units. 
Dimensions for each property arc also provided using the following nomen- 
clature: M = mass, L = length, T = time, and F = force. 


Symbol: T 
Units; USCS: F, R;SE C,K 


Temperature is a macroscopic property that is a measure of the average 
molecular (microscopic) energy within a substance. The thermodynamic 
temperature is called an absolute temperature because its datum is absolute 
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zero (i.e., zero molecular energy). The thermodynamic temperature scale has 
little practical value unless numbers can be assigned to the temperatures at 
which real substances freeze or boil so that temperature-sensing devices may 
be calibrated. The following are the commonly used temperature scales in 
enginecring applications: 


Fahrenheit temperature scale: used in the United States for ordinary tem- 
perature measurements. On this scale, water freezes (ice point) at 32°F 
and boils at 212 F (steam point) at standard atmospheric pressure. 

Celsius temperature scale (formerly centigrade): the S.I. unit of temperature 
measurement. On the Celsius scale, water's ice point is O C and the steam 
point is 100 C. 

Kelvin temperature scale: the absolute Celsius scale. The relationship of the 
kelvin (K with no degrees sign) to the degree Celsius is shown in equation 
1.3: 


Тк = Те + 273.15 (1.3) 
For most engineering calculations, this can be simplified as follows: 
Ty — Te + 273 (1.4) 


Rankine temperature scale: the absolute Fahrenheit scale. The degree 
Rankine is related to the degree Fahrenheit as follows: 


Tp = Ty + 459.67 (1.5) 
For most engineering calculations, this can be simplified as follows: 

Ty = Ty + 460 (1.6) 

Temperature scale relations are shown in Figure 1.3. On the Celsius scale, 
there is 100^ difference between the water ice and steam points, while on the 


Fahrenheit scale the. difference is 1807. The conversions between the two 
scales are expressed in equations (1.7) and (1.8): 
Tr = 18Т + 32 (1.7) 
r = T£ 32 (1.8) 
C LB ' 


The conversion between the two absolute temperature scales is shown as 
equation (1.9): 


Та = 8T, (1.9) 


Untess otherwise specified in this text, all temperatures must be converted to 
absolute units for use in calculations. 


6 Chapter 1 


Kelvin Ceisius Fahrenheit Rankine 
373.15 100 Water Steam Point 212 671.67 
273.15 0 Water Ice Point 32 491.67 

0 -273.15 Absolute Zero -459,67 0 
100 Kelvin/°Celsius 180° Rankine/°Fahrenheit 


Figure 1.3 Temperature scales. 


Pressure 

Definition: Force per unit area 

Symbol: p 

Dimensions: FL ^ or M Lor 

Units: USCS: Ibf/in.? (psi), Ibf/f?; SI: N/m? or Pa 


Shear forces acting on a fluid have been previously discussed in the con- 
text of viscosity. Fluids can also exert compressive (normal) forces on a 
boundary or surface. Fluid pressure is defined as the normal force per unit 
area exerted by the fluid on a boundary. 


Atmospheric Pressure 


The actua] atmospheric pressure is the weight per unit area of the air 
above a datum, and it varies with weather conditions. Since this pressure is 
usually measured with a barometer, it is commonly called barometric pres- 
sure. 


Standard Atmospheric Pressure 


By international agreement the standard atmospheric pressure is defined 
as 101.325 kN/m" (kPa). In USCS units this value is 14.696 Ibf/in.^ (psi), or 
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29.92 inches of mercury at 32' F. For most practical purposes 14.70 psi may 
be used for atmospheric pressure. 


Observed Pressures 


Most pressure-sensing devices (the barometer is an exception) indicate 
the difference between the pressure measured and atmospheric pressure. As 
shown in Figure 1.4, pressures measured above atmospheric pressure are 
called gage pressures, while pressures measured lower than atmosphere are 
called vacuum (negative gage) pressures. The algcbraic sum of the instru- 
ment reading and the actual atmospheric pressure 1s the true, or absolute, 
pressure, as shown in equation (1.10): 


P= Ppt Pi (1.10) 


In equation (1.10), p is the absolute pressure, рь 15 the atmospheric (baro- 
metric) pressure, and p; is the instrument reading (positive for gage pressure, 
negative for vacuum}. All instrument readings must be converted to absolute 
pressure before they are used in calculations. 

Conventional American engineering practice is to use the psi unit for 
pressure. Gage pressures are indicated by psig and absolute pressures by 
psia. Vacuums are almost always reported in inches of mercury at 32°F. 
There is no equivalent of gage pressure in SI, so all pressures are absolute 
unless gage is specified. 


Gage 


Actual Atmosphenc Pressure 










Absolute | 






Atmospheric 


Figure 1.4 Pressure relations. 
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Mass, Force, and Weight 


Mass is a quantity of matter. Its value 1s the same any place in the universe. 
Force and mass are related by Newton’s second law of motion. Weigh is the 
force exerted by a mass due to the acceleration of gravity. 

Newton's second law of motion states that an unbalanced force acting on a 
body causes the body to accelerate in the direction of the force. The accel- 
eration is directly proportional to the unbalanced force and inversely pro- 
portional to the mass of the body. This law may be expressed 
mathematically as equation (1.11): 

та 


Ec 


F = 





(1.11) 


In this equation, F is the unbalanced force, #7 1s the mass of the body, x Is 
the acceleration, and g, 1s a proportionality constant. 

The numcrical value of z.. depends upon the units used in equation (1.10). 
For SI, the newton is defined as the force produced by the acceleration of the 
mass of | kg at a rate of 1 m/s”. Substituting these values into equation 
(1.11) and solving for g, yields the following: 

max kg.m 


= = 1 1.12 
8 = Nw (1.12) 





In USCS units the peund-mass (ibm) is defined by international agree- 
ment to be equal to 0.45359237 kg. The pound-force (lbf) is defined as 
the weight of | Ibm when subjected to the standard acceleration of 
gravity (32.174 ft/s"). Again, solving equation (1.11) for units of g, yields 
the following: 


| Ibm · 32.174 ft/s Ibm . ft 
= — — 2:32.74 — —— 1.13 

к I lbf Ibf - s (ыз) 
Density 
Definition: mass per unit volume 
Symbol: p 
Dimensions: ML? or FT^L? 
Units; USCS: Ibm/ft; SI: kg/m? 


Density is the mass per unit volume of a substance and its numerical value 
is the same any place in thc universe because it represents a quantity of 
matter. 


Basic Concepts of Fluid Mechanics 9 
Specific Weight 


Definition: — weight (force) per unit volume 


Symbol: y 
Dimensions: FL? or MI T 
Units: USCS: Ibf/ft*: SI: N/m? 


Specific weight is the weight or force exerted by mass of a substance per 
unit volume due to the local acceleration of gravity. Unlike density, the 
numerical value of specific weight varies with local gravity. 

Using Newton's second law of motion [equation (1.11)), the specific 
weight 1s related to the density as follows: 


F mg pg 


=== = 1.14 
V Vg. 8, ) 


y = 


In equations of fluid statics and dynamics, it is often convenicnt to repre- 
sent specific weight in terms of density. 


Specific Volume 


Definitions — volume per unit mass 


Symbol: v 
Dimensions: LO MC l or F АТ 
Units: USCS: fi /lbm; SI: m^/kg 


Specific volume is defined as the volume of a substance divided by its 
mass. Like density, specific volume has the same numerical value any 
place in the universe, Since specific volume is the inverse of density, it 
follows that: 


vad (1.15) 


Substitution of equation (1.15) into equation (1.14) yields the following 
expression for specific volume in terms of specific weight: 





(1.16) 
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Specific Gravity 


Definition: fluid density/reference fluid density 
Symbol: S 

Dimensions: dimensionless ratio 

Units: none 


Reference fluids solids and liquids, water; gases, air 


Specific Gravity of Liquids 


It is common practice to tabulate liquid densities in terms of specific 
gravity. the liquid density normalized by a reference density (usually 
water). Since the density of liquids varies with pressure (especially at high 
pressures) and temperature, the temperature and pressure of the liquid and 
water should be stated when defining the specific gravity. In actual practice 
(at low to moderate pressures), two temperatures are stated, for example, 
60/60 F (15.56/15.56 C), where the upper temperature refers to the fluid and 
the lower to water. The density of water at 60°F (15.56 C) is 62.37 Ibm/ft 
(999.] kg/m). If no temperatures are stated it should be assumed that 
reference is made to water at its maximum density. The maximum density 
of water at atmospheric pressure is at 39.16 'F (3.98 C) and has a value of 
62.43 lbm/ft* (1000.0 kg/m^). The specific gravity is calculated using the 
expression shown in equation (1.17): 


, p 
Sy jp, = (1.17) 


H" 


where py is the density of the fluid at temperature 7, and p, is the density of 
water at temperature T. 


Specific Gravity of Gases 


For gases it is common practice to use the ratio of molecular weight 
(molar mass) of the gas to that of air (28.9644), thus eliminating the neces- 
sity of stating the pressures and temperatures for ideal gases. 


Hydrometer Scale Conversions 


In certain fields of industry, hydrometer scales are used that have arbi- 
trary graduations. In the petroleum and chemical industries, the Baumé 
( Ве) апа the American Petroleum Institute ( API) scales are used. 
Conversions are as follows: 
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Baume Scale: 
For liquids heavier than water: 


145 


S60, 60° FU5.56/15.56° ©) = 145 — “Be (1.18) 
For liquids lighter than water: 
140 
50:60 F(15.56/15.56 С) = 130 + Be (1.19) 
American Petroleum Institute (API) Scale: 
141.5 
S (1.20) 


60/60 F(15.56/15.55C) ^ 13]. 5 I. "API 


The Baumé scale for liquids lighter than water is nearly the same as the 
American Petroleum Institute (APP) scale. The use of the API scale i$ recom- 
mended by the American National Standards Institute (ANSI). 
Standardized hydrometers are available in various ranges, from —1 API 
to IOL API, for specific gravity ranges of 1.0843 го 0.6068 аг 60/60 Е 
(15.56/15.56°С). 


Viscosity 


Dynamic Viscosity 


Definition; shearing stress/rate of shearing strain 


Symbol: и 
Dimensions: FL7?T or ML7'T' 
Units: USCS: Ibf s/ft^; SE N -s/m* or Pa -s 


The concept of viscosity was introduced in Section 1.2. Viscosity is the 
resistance of a fluid to motion, a measure of its internal friction. As dis- 
cussed in Section 1.2, a fluid in a static state is by definition unable to resist 
even the slightest amount of shear stress. Application of shear force results 
in the continual and permanent distortion known as flow. 

In Section 1.2, consideration of Figure 1.1 led to the development of the 
unit shear stress t = F,/.4,, where F;, is the shear force and 4, is the shear 
area. Also developed from consideration of Figure 1.1 was the relationship 
between shear stress, rate of deformation (shearing strain, dU/dy), and a 
proportionality constant known as the absolute viscosity (p). This relation- 
ship was mathematically expressed as equation (1.2), Newton’s law of 
VISCOSILY: 
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dy 


Rearrangement of equation 1.2 leads to the following definition of viscosity: 
shearing stress F/A, Tdr 

i = — —NF —— = = —— 
rate of shearing strain dU/dr dU 





(1.21) 


In various publications, jc is known as (a) coefficient of viscosity, (b) abso- 
lute viscosity, and (c) dynamic viscosity (used in this book). 


Kinematic Viscosity 


Definition: dynamic viscosity/density 


Symbol: у 
. . 3 
Dimensions: L T! 
Units: USCS: ft^/s; SI: m/s 


The ratio of dynamic viscosity to density, defined as the kinematic visc- 
osity, often arises in fluid mechanics equations. Because the dynamic visc- 
osity is in foree units and the density in mass units in both USCS and SI, it is 
necessary to introduce the proportionality constant (g.) to relate dynamic 
and absolute viscosities. Therefore, kinematic viscosity is written as follows: 


g Hu 
v = = 








(1.22) 
p 
In USCS units: 
КЕ Re Път ЛЬ к ПЫР ЗЛ) _ ft^ (1.23) 
p (Ibm/ft^) s 
In SI Units: 
-EH . kgm/Ns/m) m (1.24) 


p (kg/m?) 5 


Characteristies 


In a flowing fluid, tangential (shear) stresses arise from two different 
molecular phenomena. The first is the cohesive (attractive) forces of the 
molecules. which resist motion. The second is the molecular activity. 
which causes resistance to flow due to molecular momentum transfer. 
These phenomena help explain the variation of viscosity in liquids and 
gases. 
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Liquid Viscosities 


In liquids, cohesive forces are dominant. Since cohesive forces decrease 
with increasing temperatures, so do the liquid viscosities. An empirical 
equation that relates liquid viscosity to temperature is given in equation 
(1.25). 


— (1.25) 


The constants 4 and B depend upon thc individual fluid and can be found in 
many references. 

At moderate pressures, liquid viscosities change only a small amount as 
pressure varies. However, at high pressures, cohesive forces and, therefore, 
viscosity increase with pressure. The change in liquid viscosity with pressure 
Is complicated, and a simple empirical expression, such as equation (1.25). 
has not been developed. 


Gas Viscosities 
Cohesive forces are absent in ideal gases. Molecular activity and viscosity 


increase with temperature. The variation of gas viscosity with temperature 1s 
well represented by the empirical Sutherland equation. as follows; 


brie 
н = Ç + T 


ar T < 


(1.26) 


The following values of the constants b and S have been determined for 
а: 


= 1.458 x 10 Крут: К! 
S = 110.4K 


Values of the Sutherland constants for other gases can be found in most 
standard handbooks. 

At moderate pressures. gas viscosities change only a small amount as 
pressure varies. However, at high pressures, molecular activity and, there- 
fore, viscosity Increase with pressure. As with liquids, the change In gas 
viscosity with pressure is complicated, and a simple empirical expression, 


such as equation (1.26), has not been developed. 


Other Units of Viscosity 


The poise, a unit of dynamic viscosity named after French scientist Jean 
Louis Poiseuille, is defined as one dyne-second per square centimeter. In SI 
this is equal to 0.1 N-s/m* or 0.1 Pa-s. The viscosity of water at 20 C is 1002 
uPa-s or 1.002 x 10° poiscs. Because of the magnitude of the poise, the 
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centipoise (1/00 poise) is often used. The viscosity of water at 20 C is thus 
approximately | centipoise. The conversion factor for USCS units is 2.089 x 
107° Ibf- s/ft?/centipoise. 

The stoke, a unit of kinematic viscosity named after English scientist 
George Gabriel Stokes, is defined as | square centimeter per second. In SI 
units, the stoke is equal to 1 x 10° m?/s. In USCS units, the stoke is equal to 
1.076 x 10? ft^/s. Like the poise, the centistoke 1s often used because of the 
magnitude. 

The standard viscometer for industrial work in the United States is the 
Saybolt universal viscometer. Essentially it consists of a metal tube and an 
orifice built to rigid specifications and calibrated with fluids of known visc- 
osity. The time required for a gravity flow of 60 cm? is a measure of the 
kinematic viscosity of the fluid and is called SSU (Saybolt seconds univer- 
sal). Approximate conversions of SSU to centistokes may be made using the 
following equations: 


9 
centistokes = 0.226(SSU) – 195 32 < SSU < 100 (1.27) 
SSU' 
135 
centistokes = 0.220(SSU) — SSU' SSU > 100 (1.28) 


For very viscous oils a larger orifice is used in the Saybolt viscometer, and 
the time, in seconds, is called SSF (Saybolt seconds furol). The term furol is 
a contraction of fuel and road oils. Approximate conversions of SSF to 
centistokes may be made using the following equations: 


centistokes — 2.24(SSF) — ША 25 < SSF < 40 (1.29) 
60 
centistokes = 2.16(SSF) — SSE: SSF > 40 (1.30) 


Exact SSU and SSF conversions depend upon specific viscometer calibra- 
tion data. 


15 THERMODYNAMIC CONCEPTS 
Thermodynamic Processes 


The state of a substance is the condition of its existence, and it is deter- 
mined by any two independent properties. Consider the pv diagram shown 
in Figure 1.5. In this case, state point | is determined by p, and v,. If one or 
more properties are changed, the fluid is said to have undergone a process. 
For example, if the pressure tn Figure 1.5 is changed from p, to p2, the 
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| 





у v Y 


Figure 1.5 Generalized thermodynamic process diagram. 


resulting specific volume is v;. The manner in which this change takes place 
determines the path of the process. If the fluid can be made to return to its 
original state by retracing exactly the original path, the process is said to be 
reversible. A reversible process is frictionless and in reality does not occur in 
nature. However, a reversible process 1s a useful concept, since it serves as an 
ideal case. 


Polytropic Process 


All ideal gas processes are polytropic processes, and the processes dis- 
cussed next (isentropic, isothermal, isobaric, and isometric) are all special 
cases of the polytropic process. For an ideal gas the relation between pres- 
sure and specific volume is given by equation (1.31): 


ру = с (1.31) 


The value # can be expressed if equation (1.31) is written in logarithmic form 
(iog, ptn loge v = log, c) and differentiated, yielding the following: 








d d / 
P Eo or n=- (1.32) 
p v p du 


Equation (1.32) indicates that n is the slope of the p v curve and establishes 
the pressure-specific volume relationship for the process. The value of 7 for a 
polytropic process ranges from +оо (о —oo, depending upon the nature of 
the process. 
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Isentropic Process 


If a process takes place without heat transfer and is reversible (friction- 
less), it follows a path of constant entropy (s). and, hence, is called ¿sen- 
tropic. This same process is also called a reversible adiabatic process. The 
path of this process is given by: 


(s = c) pu! = pu = c (1.33) 


where A is the isentropic exponent (k = c,/c.), c, is the specific heat at 
constant pressure, and c, is the specific heat at constant volume. 


Isothermal Process 


If a process takes place at constant temperature it is called an isothermal 
process. From the equation of state for an ideal gas, pv = RT [equation 
(1.37). Differentiating equation (1.37) for T=c, yields d(pv) — 0, 
or vdp = —p dv. Substituting this relation into equation (1.32) gives the 
following for n: 

v dp v dp 


(T = c) H = — = – = | (1.34) 
p dv —v dp 








Isobaric Process 


If a process takes place at constant pressure it is called an isobaric pro- 
cess. For a constant-pressure process, dp = 0, Substituting into equation 
(1.32) yields the following: 








vdp MO ` 0 


pdv pd ` (1.35) 


p=) n= 
Isometric Process 


If à process takes place at constant volume (or constant specific volume) 
it is called an isometric process. The value of for this process is as follows: 
vd v d, 
-PEP L (1.36) 

p dv p (0) 








(v — c) n= 


Equations of State 


An equation of state is onc that defines the relationships of pressure-tem- 
perature and volume. The ideal gas law is the equation of state that is valid 
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for ideal gases. Real gas behavior can be described by modifying the idea! 
gas law. 
Equation of State for an Ideal Gas 


An tdeal gas is one that obeys the equation of state (1.37) and whose 
internal energy is a function of temperature. The equation of state for an 
ideal gas 1s shown as follows: 


pv == RT (1.37) 
where 
p = pressure, Ibf/ft^ (Pa) 
v — specific volume, ft^ /Ibm (m? /kg) 
R = gas constant, ft-Ibf/lbm - R (J/kg K) 
T = temperature. ` R (K) 
The gas constant A is computed using the molecular weight (molar mass) 
from the following: 
R 
R = — 1.38 
M (1.38) 
where 
R, — universal gas constant, 1545 ft Ibf/(Ib- mol) R) = 8314 J/(kg-mol(K) 
М - molecular weight (molar mass), lbm/lb - mol (kg/kg -mol) 
For computation of density, substitution of equation (1.15) for v in equa- 
tion (1.37) yields the following after some rearrangement: 


2 1.39 
P = RT (1.39) 


Other p—v-T relations for ideal gases may be obtained by combining the 
equation of state pv = RT (1.37) with the polytropic relation pv" — c (1.31). 
These equations are as follows: 


For pressure: 


n п/(п— 1} 
2-07-09 '° 
Р\ v? Ti 


For specific volume: 


lyn l/tr- 13 
V P! Ti 
— = -- = — 1.41 
Vi (2) (ғ) Í ) 
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For temperature: 


12 _ (Sy - (by ^ (1.42) 
T, v l | 


Equation of State for a Real Gas 


Generally, the ideal gas law is an adequate model of gas behavior for 

pressures below the critical state pressure and temperatures above the cri- 
tical state temperature. The ideal gas law may be modified for a real gas as 
follows: 
_ fv 
RT 
In this equation, Z is the compressibility factor. Note that Z 1s unity when 
the substance is in the ideal gas state. Thus the deviation of the compressi- 
bility factor from unity Is a measure of nonidealness of the state of the 
substance. The value of Z can be determined using the critical properties 
of a substance and the compressibility charts found in any thermodynamics 
text. 


pv = ZRT or Z (1.43) 


1.6 OTHER FLUID PROPERTIES 
Bulk Modulus of Elasticity 


Definition: stress/volumetric strain 

Symbol: Е 

Dimensions: FL? or ML'T? 

Units: USCS: Ibf/in.?, Ibf/ft?; SI: kN/m? or Pa 


Derivation of Basic Equations 


Consider the piston and cylinder of Figure 1.6. A fluid originally under a 
pressure p had a volume F. When an additional pressure dp is imposed, the 
result is a decrease of volume, dV. The normal stress acting on the fluid is 
the imposed pressure, dp. The definition of strain from fundamental engi- 
neering mechanics is the ratio of the deformation length to the original 
length, which in terms of volume can be expressed as dV/V. Therefore, 
the following equation can be developed from the basic definition of bulk 
modulus of elasticity: 
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p + dp 





Figure 1.6 Notation for bulk modulus of elasticity. 


«troc 


3uess — dp N 
= 1.44 
strain = AVIV V (s (1,44) 





The negative sign ts used to represent the fact that the volume is decreased 
by dV. Substitution of the definition of specific volume (v = F/m) in equa- 
tion (1.44) yields the following: 


F = -”( dp ) — (2) (1.45) 
тау du 


Equation (1.45) cannot be evaluated unless the process is known so that 
the pressure-specific volume relationship can be established. Equation (1.45) 
is therefore more correctly written as equation (1.46): 


E, = (2) (1.46) 


ду n 





E, in this equation is the bulk modulus of elasticity for process n. and 
{ap/dv), indicates the differential pressure-specific volume ratio for that 
process (the partial derivative of p with respect to v with # constant), 
Although any number of processes are possible, conventional practice is 
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to use only the isothermal bulk modulus (Ej) and the isentropic hulk modulus 
(£.). 


Ideal Gases 


If equation (1.32) is written as np = —v(dp/dv),, and substituted into 
equation (1.46). the following expression is valid for the bulk modulus of 
ideal gases: 


Әр 
E, = AG = пр (1.47) 


For an isothermal process, м = | and equation (1.47) reduces to the 
following: 


Ет = пр = р (1.48) 


For an isentropic process, # = k and cquation (1.47) reduces to the follow- 
ing: 
E. = np = kp (1.49) 


The relationship between £, and Ey is established by dividing equation 
(1.49) by equation (1.48), resulting in the following: 


E. k ИЛ 

os Pip (1.50) 
Ет ГА с, 

It may be demonstrated that the relationship expressed by equation (1.50) 

can be applied to all fluids, not just ideal gases. 


Liquids 


At constant pressure, the bulk modulus of most liquids decreases with 
temperature. Water is one exception; the bulk modulus of water increases to 
a maximum value at 120 F (49 C) and decreases in value above that tem- 
perature at atmospheric pressure. At constant temperature, the bulk mod- 
ulus increases with pressure for all liquids. No simple relationship similar to 
pv" — c for ideal gases exists for liquids. For liquids, equation (1.46) may be 
approximated over small intervals as follows: 


д A 4— 
E, = -o( 2) = -n (22) = „(2 n) (1.51) 
dv, Av}, Up — oJ, 


Some handbooks and other sources use equation (1.51) as a definition of 
liquid bulk modulus. 
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Acoustic Velocity 


Definition: — speed of a sound wave in a fluid 


Symbol: C 
Dimensions: LT! 
Units: USCS: ft/s: Sl: m/s 


Derivation of Basic Equations 


Consider an elastic fluid in a rigid pipe fitted with a piston, as shown in 
Figure 1.7. The pipe has a uniform cross-sectional area, A. As the result of 
the application of a differential force. dF. the piston is suddenly advanced 
with a velocity v for a time dr. Tbe fluid pressure p is increased by the 
amount of dp. which travels as a wave front with a velocity of ce. During 
the application time dt, the piston moves a distance of v dt and the wave 
front advances a distance of c dtr. The result of this piston movement 
decreases the volume c dr A by the amount of the volume valt A. 

From equation (1.44), the bulk modulus of the fluid is the following: 


dp dp dp 


E = —— za — —— = 
—dV/V (v dt Aye di A) v 


(1.52) 


or 


сЕ 
с=——— (1.53) 
ар 
From a force balance, dF can be written as (p 4- dp)4 — pA — dp A. The 
mass of fluid accelerated in time df is pc dt A, so the mass flow rate 15 





>| vdt [+ Wave front 


Figure 1.7 Notation for acoustic velocity. 
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m= m/dt = (pe dt A)/dt = pcA. Newton’s second law of motion (equation 
(1.11) can be rewritten as follows: 
ma mv, — vy) 

8, 8, 


Е = (1.11) 


For the example shown in Figure 1.7, the velocity change is from v to 0. 
Therefore, the imposed force can be expressed as follows: 


: A(0 — 
dF — dpA — PC — (1.54) 


oc 


Solving for ¢ in equation (1.54) yields the following: 


с PE (1.55) 
pu 
A simplified expression for ¢ can be obtained by multiplying equations 
(1.53) and (1.55) as follows: 


2 d, . Е Eg 
°=( Жа ( v )- g, (1.56) 
pu dp p 





or 
c= fo (1.57) 


The numerical value of E depends upon the process, as discussed earlier 
in Section 1.6. Tt is assumed that a small pressure (sound) wave will travel 
through the fluid without either heat transfer or friction. With these assump- 
tions, the process becomes isentropic and equation (1.57) is written as fol- 
lows: 


сс |258 (1.58) 
p 


Equation (1.58) may be used for any fluid, provided E, and o are known, 


Ideal Gases 


From equation (1.49) Es — kp, and from equation. (1.39) — p/RT. 
Substituting these expressions into equation (1.58) vields the following: 


E.g. (kp)g, 
em [Bx [X962 VERTg, 1.59 
p p/RT s (1.59) 
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Fluid Statics 


2.1 INTRODUCTION 


This chapter is concerned with establishing the basic relations of fluid sta- 
tics. Included are the basic equation of fluid statics, pressure height rela- 
tions for incompressible fluids and ideal gases, pressure-sensing devices, and 


huavanory and flatatinn 
очоуапосу апи шонаи. 


This chapter may be used as a text for tutorial or for refresher purposes. 
Fach concept is explained and derived mathematically as needed. The basic 
purpose of this introductory chapter is to provide a foundation for the 
equations developed in the remainder of the book. If the reader is already 
familiar with this subject matter, this chapter can be skipped. 


2.2 FLUID STATICS 


Fluid staties is the branch of fluid mechanics that deals with fluids that are at 
rest with respect to the surfaces that bound them. The entire fluid mass may 
be in motion. but all fluid particles are at rest relative to one another, 
There are two kinds of forces to consider: (1) surface forces, forces due to 
direct contact with other fluid particles or solid walls (forces due to pressure 
and tangential or shear stress), and (2) body forces, forces acting on the fluid 
particles at a distance (¢.g., gravity, magnetic field). Since there is no motion 
of a fluid layer relative to another fluid layer, the shear stress everywhere in 
the fluid must be zero and the only surface force that can act on a fluid 
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particle is normal pressure force. Because the entire fluid mass may be 
accelerated. body forces other than gravity may act in any direction on a 
fluid particle. 


2.3. BASIC EQUATION OF FLUID STATICS 
Body Forces 


The infinitesimal fluid cube shown in Figure 2.1 has a mass of p dx dy dz. 
This cube is a particle in a large container of fluid where all the particles are 
at rest with respect to one another, The entire fluid mass is subject to body 
force accelerations of œ., œ. and œ., opposite the directions of х. у, апа с, 
respectively. In addition, the acceleration due to gravity, g, acts opposite 
to the direction of z. For clarity, only the z-direction forces are shown in 
Figure 2.1, but forces also act in the x- and y-directions. From equation 
(1.11), F —ma/g,. The body forces are: Fy, =(o dv dy dz)a./g,, Fp = 
(о ах ау dz)a,/g,.. ËF: = (p dx dy dz)a./g.. The gravity force is F, = 
(p dx dy dz)g/g... 


F 


(p « dpXxx dy 






p dx dy dz a, 


& dz 


F, = р dx dy 


Figure 2.1 Notation for basic equation of fluid statics. 


26 Chapter 2 


Vertical Forces 


By the definition of pressure, F = pA. the upward pressure force is F, = 
pdx dy and the downward pressure force is Fy =(p+dp)dv dy. 
Considering the cube of Figure 2.1 to be a free body and only vertical 
components acting, the following force balance can be written: 


XOF, =F,- Fi- Fp — Fy = 0 
or 


(p dx dv dzja.) p dx dy dz)g _ 


p dx dy —(p 4 dp)dx dv — 0 
Sc &c 
which reduces to the following: 
- dz 
dp == Pla. + к): (X. v constant) (2.1) 


C 


Combined Forces 


In a like manner, it may be shown that with only y-direction forces acting, 
dp equals the following: 


dn. po, dy (v. 7 constant) о 
ат” -- м.м, моу o.c] 
8, 
With only x-direction forces acting, dp equals the following: 
dx 
dp = — жс (y, z constant) (2.3) 
Ес 


Forces may be combined by considering the pressure difference between 
points 2 and ! of Figure 2.1. In path 1 — a, x is varied and y and z are held 
constant, so equation (2.3) applies to the difference between a and l. In a like 
manner, equation (2.2) may be used for path a — ^ and equation (2.D) for 
path 5 — 2. The total difference is the sum of each component, or the 
following: 


| E i - 
qp = 7? 0 тас + 8): 


& Ee Sc 


Or 
dp _ p|a.. dx + “| dy + (о. + руа) (2.4) 
8. 


Equation (2.4) is the basic equation of fluid statics. 
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2.4 PRESSURE-HEIGHT RELATIONS FOR INCOMPRESSIBLE 


F —w s 


For a fluid at rest and subject only to gravitational force, o, o,, and o. are 
Zero. so equation (2.4) reduces to the following: 


dz 
dp = 08 61 (2.5) 


Sc 
Integrating equation (2.5) for an incompressible fluid in a field of constant 
gravity and substituting y = pg/g, from equation (1.14), yields the follow- 
Ing: 


" pg(z; — 21) 
[o--8f dz =p — p =- w 
l 8, 
which reduces to 
(p; — p3) — Ap = yh (2.6) 


where A — z;—z,, or the height of a liquid column. The relationships of 
equation (2.6) are shown in Figure 2.2. 


2.5 PRESSURE-SENSING DEVICES 


Bourdon tube gages are used for measuring pressure differences. The essen- 
tial features are shown in Figure 2.3. The Bourdon tube is made of metal 
and has an elliptical cross section. The tube is fixed at B and free to move at 
C. As the difference between the internal and the external pressures 
increases, the elliptical cross section tends to become circular, and the free 
end of the tube (point C) moves outward, moving the pointer D through a 
suitable linkage. It should be noted that when the outside pressure is atmo- 
spheric, the Bourdon tube indicates guge pressure, and when the internal 
pressure is less than the atmospheric, a negative gage pressure, or vacuum, is 
sensed. Refer to Figure 1.4 for these relationships. 

Credit for the discovery of the barometer is given to Evangelista Torricelli 
(1608 1647), an Italian mathematician and scientist who related barometric 
height to the weight of the atmosphere. Figure 2.4 shows the essential fea- 
tures of an elementary barometer. In its most primitive form, the barometer 
is made by filling a long glass tube with mercury and inverting it in a pan of 
mercury. If the height of the mercury column is less than that of the tube, 
mercury vapor will form at the top of the tube. Application of equation (2.6) 
yields the following relationship: 


ры туй Ер, (2.7) 
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р. Liquid Surface 
| | Í 
. 
р, Yz; 
YA 


p 
.-.....1...ш0ш шаш Datum 


Figure 2.2 Pressure equivalence. 





Section AA 


Figure 2.3 Bourdon tube gage. 
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Ғіриге 2.4 Barometer. 


The vapor pressure of mercury is very small; from Table D.1 (sce 
Appendix D), the vapor pressure of mercury at 32 F (0 C) is 3.957 x 107% 
psia (2.728 x 1077 Pa). For all practical purposes, p; — yh (for a mercury- 
filled barometer). However. when a barometer-type arrangement is filled 
with a fluid other than mercury, the vapor pressure must be taken into 
account in equation (2.7). 

Manometers are one of the oldest means of measuring pressure. They 
were used as early as 1662 by Robert Boyle to make precise measurements 
of steady fluid pressures. Because of its inherent simplicity. the manometer 
serves as a pressure standard in the range of 1:10 in. of water to 100 psig ( 2.5 
Pa to 790 kPa). 

The arrangement of the U-tube manometer is shown in Figure 2.5. The 
manometer is acted upon by a pressure p, on the left and ps on the right. If 
pi > p>, the fluid in the left leg of the manometer will be displaced to the 
right by a volume of 7, 4,. resulting in an increase of volume of 754. in the 
right leg. Application of equation (2.6) for equilibrium in the U-tube 
manometer results in the following: 


pi + y, (1 + =a) = p. + Yali + 72) 


which reduces to 
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Area А, 
Fill line 
Area ^i 
Figure 2.5 U-tube manometer. 
(p, p:) = (Ун == Y ШЕ | 2.) = (Yin Yı y (2.8) 


In these equations. y, is the specific weight of the manometer fluid and y, is 
the specific weight of the fluid whose differential is being sensed. 

One of the disadvantages of the U-tube manometer is that unless 4; — 4» 
exactly. both legs must be observed simultaneously. For this reason, thc 
well, or cistern, type shown in Figure 2.6 is sometimes used. In the well or 
cistern type of manometer, the areas 4, and 4» are controlled to give a 
maximum deflection for z> and a minimum for сү. From consideration of 
volumetric displacement of the liquid from once leg to the other, the follow- 
ing can be written: 

“| А, — 2345 
ог 
2345 

ET 


Substitution in equation (2.8) vields the following: 





- — 
-1 
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Area A, 








z Fill line 
Figure 2.6 Well or cistern type of manometer. 
2,4. I РЕ 
№ = р = (Ym — W)| — + 3 = (Ym — Zu +2): (2.9) 
А, A, 


Note that as 4, — oc. 4»/4, — 0. By making the area 4, very large, the 
designer of a well type of manometer can create a condition where 2, =» й. 
The difference in area ratios is usually accounted for with scale graduations. 

Commercial manufacturers of the well type of manometer correct for the 
area ratios so that p, — p; = (y,, — y, )S,. where S, is the scale reading. 
which is cqual to 2.(1 45/4). For this reason. scales should not be inter- 
changed between U-tube and well type or among well types without con- 
sulting the manufacturer. 

The inclined manometer, as shown in Figure 2.7, is a special form of the 
well type. It is designed to enhance the readability of small pressure differ- 
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Area A 
2 


Area A 


Z 
1 


& L= сазы 


à МҰСА уат АБ RP se 


Figure 2.7 Inclined manometer. 





entials. From consideration of the geometry of this device for displacement, 
the following can be written: 





zA = R.A; 
or 

| RA: 

LEON] 
and 

=> = R,sin@é 


Substitution in equation (2.8) yields the following: 


Аз 
pi — ps = (y,, — WZ + sin a) R, (2.10) 
l 
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In this equation, R; is the distance along the inclined tube. Commercial 
Inclined manometers also have special scales so that the following can be 
used to determine pressure differential: 


Ру р> = (Yn = y, )S; 


Here, S, is the inclined manometer scale, equal to (4)/4, + sin @)R;. 

In actual practice, inclined manometers are used for measurement of 
small air pressures. Their scales are usually graduated to read in inches of 
water, but many other fluids can be used. Care must be taken to “level” 
these instruments and to ensure that the correct liquid is used as specified by 
the manufacturer. Scales should never be interchanged. 


Application 


The equations just derived are simple, but actual installations may require 
more complex ones. Since there ts almost an infinite number of combina- 
tions and arrangements that can be used, equations for each actual case 
must sometimes be derived individually. 


2.6 PRESSURE-HEIGHT RELATIONS FOR IDEAL GASES 


The equation for a static fluid in a gravitational field may be written as 
equation (2.5): 
_ pg de 


dp = (2.5) 
g. 





To integrate the ieft-hand term of this equation. the functional relationship 
between pressure and density must be established for a compressible fluid. 
The right-hand term requires that the relationship between the acceleration 
due to gravity and altitude be established. 

To establish these relationships, first note the following from equation 
(1.15): 


p=- (1.15) 
y 


Specific volume can be expressed in the form shown in equation (1.41): 


L/n 
v= «(P (1.41) 
p 


Specific volume is also a function of temperature and pressure. from the 
equation of state of an ideal gas: 
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v = (1.39) 


Substituting this in the left-hand side of equation (2.5) yields the following: 








dp l/a dp (1/п)—1 dp £ 
—— = =v dp = —v = —RT =~ dz 
p P IPA p^ ІРІ pin 8, 
ОТ 
ad 
-RT p Rs Ed (2.11) 
P 5, 


Gravity at elevations other than sea level can be estimated as follows: 


2 
g= FALE а £o 
(2 EY 


In the above equation, go is the gravity at sea level, z is the elevation above 
sea level, and r, is the mean radius of the Earth = 20.86 x 10° ft (6,357 km). 
Substituting this expression tn equation (2.11) yields the following: 


dp g d 


l/n)—1 
Тур! 20 fU 0. 
Pi p" 5. ( | + = r.) 


(2.12) 


Integration of the right-hand term of equation (2.12) leads to the following: 


P d : dz (22-2 
-RT p! J E _ & 5 = Bol 2 1) - (2.13) 
pP S.J? (1 --2/ғ,) g.(1 Td tnr.) 





It is apparent from equation (2.13) that mathematically there are only 
two values of 1/n that need be considered, when n = | and when п Z I. Since 
the value of n for an isothermal process of an ideal gas = | (Section 1.5), 
there are two equations to consider, one for isothermal processes and 
another for nonisothermal processes. 


Isothermal Processes 
Integrating the left-hand term of equation (2.13) for 1 — 1 yields the follow- 
ing: 


Pi\y _ gal22 — 21) _ 
RT lee (20) а) 0-79 (2.14) 
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Nonisothermal Processes 


For all other processes, the left-hand term of equation (2.13) integrates as 
follows: 


ARTN (my "| мә-з 2 | 
(m) (>) gel + 22/r, CL + 2) /r,) (T Zo) (2.15) 


Temperature relations may be established from equation (1.42). 


Т. 5 (n—1)/2 
— (%) (1.42) 
Т i 


Substituting equation (1.42) in equation (2.15) yields the following: 


(n _ ЕЙ _ 8 €2-2)0  . 
п – 1 Т, BAL + z/r.)X] + 2i/r,) 


Solving for temperature gradient leads to equation (2.16): 
AT Ti—- Ti 80(22 — 21) 
Аг 2-2) ARU zr nr.) 





(2.16) 


2.7 ATMOSPHERE 


The atmosphere is a gaseous envelope that surrounds the Earth, extending 
from sea level to an altitude of several hundred miles. The altitude for near 
space has been set arbitrarily at 50 miles (80 km). 

The Earth's atmosphere is divided into five levels based on temperature 
variation. The treposphere extends from sea level to 54,000 ft (16.5 km) at 
the equator, decreasing to 28,000 ft (8.5 km) at the poles; it is composed of 
approximately 79% nitrogen and 21% oxygen. With increasing altitude 
from sea level, the temperature decreases from 59°F (15°C) to —69.7 F 
(—56.5'C). Above the troposphere ts the stratosphere, which extends to 
approximately 65,000 ft (19.8 km) and exists at a relatively constant tem- 
perature of —69.7 F (—59.5 C). The mesosphere extends from nearly 65,000 
ft (10.8 km) to 300,000 ft (91.4 km), its temperature increases from —69.7° F 
(—56.5"C) to À-28.67"F (1.85' C) and then decreases to —134 F (—92 C). The 
mesosphere is characterized by an ozone layer that absorbs ultraviolet radia- 
tion from the sun. Above the mesosphere is the thermosphere, also called the 
ionosphere, which extends from approximately 300,000 ft (91.4 km) to 
1,000,000 ft (305 km). The temperature in this layer increases from 
—134 F (—92°C) to nearly 2,200 °F (1,200°C). The composition is primarily 
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ionized atoms of the lighter gases. The last level is the exosphere, which 
extends to the space environment. 


U.S. Standard Atmosphere 


Because of wide variations in the atmosphere. a standard atmosphere is used 
for design purposes. The United States standard atmosphere, formulated in 
1976, extends from sea level to 3,280.840 ft (1.000 km). For altitudes above 
282.152 ft (86 km), however, the hydrostatic equilibrium of the atmosphere 
gradually breaks down due to diffusion and vertical transport of the indi- 
vidual gas species. For this reason the pressure height relations given in this 
section are valid only for altitudes below 282,152 ft (86 km). 

The standard assumes that gravity is constant at all sea level locations, or 
gg — 32.1740 ft/s (9.80665 m/s). Using relationships previously established 
for the variation in temperature, gravity, and pressure with height. the U.S. 
standard atmosphere can be calculated. The results of such a calculation are 
shown in Tables 2.1 and 2.2. 


2.8 BUOYANCY AND FLOTATION 


Principles 

The elementary principles of buoyancy and flotation were established by 
Archimedes (287-212 B.c.). These principles are usually stated as follows: 
(1) a body immersed in a fluid is buoyed up for a force equal to the weight of 
fluid displaced by the body, and (2) a floating body displaces its own weight 
of the fluid in which it floats. 


Buoyant Force 


Consider the body ABCD shown tn Figure 2.8. Dashed lines AE and BF are 
vertical projections. The force F. exerted by the fluid vertically on the body 
is the weight of the fluid above ABC. This weight is expressed as follows: 


Кыш = VV pacer (2.17) 


In a like manner, the upward vertical force 1s the weight above ABD, or the 
following: 


Fau = VV capper (2.18) 
The net upward force is the buoyant force Fx, defined as follows: 


Fg = Fa Peg = VV caper — VM eacer = ¥V pcp (2.19) 
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ТаМе 2.1. U.S. Standard Atmosphere - S1 Units 
T 
Some Dynamic 
Altitude (Temperature Pressure Density Gravity — velocity viscosity 
(m) (K) (Pa) (kg m°) (m s) (m sec) (Pa-see x 10°) 
() 288.15 1.01 3E c 05. 1.223E 1 00. 9.807 340.29 17.89 
1,000 281.66 5.9695 + 04 1112Е+00 9.804 336.44 17.58 
2,000 275.17 7,9853E 4 04. 1.007E 1 OU 9.800 332.54 17.26 
3.000 268.68 7.0] 5E 4 04. 9.096E — 01 9.797 328.600 16.94 
4.000 262.19 6.170Е + 04 &.197Е – 01 9.794 324.61 16.61 
5.000 255.17 5.408Е 4 04 7.368Е - 01 9.791 320.56 16.28 
6.000 349.22 4.725E ! 04. 6.605E — 01 9 788 316.47 15,95 
7.000 242.73 4.113E+ 04 5.903E— 0! 9,785 312.33 15.61 
8.600 226.24 3.567E +04 5.260E — O1 9.782 308.12 15.27 
9.000 229,75 2.081Е: 04 4.672Е - 01 9.779 303.86 14.93 
10,000 223.26 2.651E $04 4.136F — 01 9.776 299.54 14 58 
12,000 216.65 1.940Е > 04 51195-01 9.770 295.07 14.22 
14.000 216.65 1.417--04 2279Е-- 01 9,764 295.07 14.22 
16.000 216.65 1.035Е - 04 1.665F — 91 9.757 295.07 14,22 
20,000 216.65 4.529h + 03 R8.89IE — G2 9.745 295.07 14.22 
22000 218.57 4.049E +03 6454--02 9.739 296.38 14.32 
24.000 220.58 2.9741: + 03 4.697Е – 02 0.733 297.72 14.42 
26,000 222.54 2.190E +03 3.429 – 02 9.727 299.05 14.54 
28.000 224.52 1617: 4 03 2.510Е – 02 09.721 300.38 14.65 
20,000 226.51 1.1198-02 1.842Е- 92 9.715 201.71 14,75 
32.000 228.49 S8.891E +02 1.356E — 02 9.709 303.02 14.86 
35,000 236.50 S.750E +02 8.A471E — 03 — 9.700 208.29 15,29 
40,000 250.32 2.875E 2 02 4.001 03 9.684 317.17 16.01 
45.000 264.15 1.492F +02 1.968E — 03 9.669 325,82 16.71 
50.000 270.65 7978E - 01. L027E— 03 9.654 329.80 17.04 
55.000 260.80 4.2358E 01 58572-04 9.639 323.74 16.54 
60.000 247.06 220D1E +01 3.103E -- 04 9.624 315.10 15.84 
80.000 198.81 1.054--00 1.8548Е-05 9.564 282,52 13.21 
86 000 186.87 3.733E —- 0]. 6.957E — 06. — 9.547 274.04 13.33 
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Table 2.2. U.S. Standard Atmosphere- USCS Units 
Sonic Dynamic 
Altitude | Temperature Pressure Density Gravity velocity viscosity 
(f) ( R) (psia) а) (fus?) (ft/s) — lb; 5 /ft? x 108 
mm 

0 518.67 L.470E +01 7.647E — 02 32.17 1116.0 0.3737 
1,000 515.11 ІЛІЛЕ 101 7426E—02 32.17 1113.0 0.3717 
2.000 511.55 1.367Е (1 0]. 7.210E — 02 32.17 1109.0 0.3697 
3,000 507.99 І.ЗІ7Е: 01 6.999Е - 02 32.16 1105.0 0.3677 
4,000 504.43 1.270E + Ol 6.793E— 02. 32.16 1101.0 0.3657 
5,000 500.87 L223E t 01. 6.39])E— 02. 32.16 1097.0 0.3637 
6,000 497,31 LI78E+01 6394E-—02 32.16 1093.0 0.3616 
8,000 490.19 1.092E* 0] 6.014E —02 32.15 1085.0 0.3576 
10,000 483.07 LOIE+ O01 $.650E—02 32.14 1077.0 0.3534 
20,000 447.47 6.7636 + 00 4.0798 – 02 32.11 1037.0 0.3325 
30.000 411.87 4.375E 4 00. 2.567E — 02. 32.08 994,9 0.3107 
35,000 394.07 3.468E +00 2.37S5E -02 32.07 973.2 0.2995 
40,000 389.97 279Е 500  1.889E — 02 32.05 968.1 0.2969 
45,000 389.97 2.49E ! 00. 1.487E — 02 32.04 968.1 0.2969 
50,000 259.97 1.692F +00 LI7IE-—02 32.02 968. | 0.2969 
55,000 389.97 1.332F 100 9.219F — G3 32.01 968.1 0.2969 
60,000 289.97 1.049Е 4 00 72595-02 31.99 968.1 0.2969 
70,000 392.24 6.5]11E —01 4.480E — 03 31.96 970.9 0.2984 
80.000 397.68 4.067E —0] 2.760E — 03 31.93 977.6 0.3018 
90,000 402.13 2.556Е -01 ІЛПЕ-03 21.90 984.3 0.3052 
100,000 408.57 1.6l7E — 0l 1.068E -03 31.87 990.9 0.3086 
120,000 433.54 6.675Е —02 4.158E —04 31.81 1021.0 0,2240 
130,000 448.71 4.387E — 02. 2.689E — 04. 31.78 1038.0 0.3332 
140,000 463.88 2.924Е – 02 170Е-04 31.75 1056.0 0.3422 
150.000 479.06 1.974E — 02. L112E- 04. 3.72 1073.0 (0.3511 
175,000 477.64 7.629E — 03 4.311E — 05 31.64 1071.0 0,2503 
200,000 439.97 2.800E — 03 ІЛІЗВЕ- 08 31.57 1028.0 0.2279 
250,000 370.88 2.858E — 04 2.080E — 06 21.42 944 1 0.2846 
282,152 336.37 54ІЗЕ-05 4.43Е-07 31.32 899.1 0.2617 
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Surface 





Figure 2.8 Notation for submerged bodies. 


Thus, the buoyant force is the weight of the fluid displaced and always acts 
upward. 

When an object floats as shown in Figure 2.9, the buoyant force Fp 
becomes the following: 


Fg = yV arD (2.20) 


The weight of the body F, acts downward, so for vertical equilibrium the 
following can be written: 

X F, =0= F, -Fp (2.21) 
or 


Fy = Е, (2.22) 


Free-Body Analysis 


The equation developed for flotation is a special case where the body is 
lighter than the fluid it can displace. A more general approach is that of 
the free-body diagram. If an object immersed in a liquid is heavier than the 
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Figure 2.9 Notation for floating bodies. 


fluid it can displace. it will sink to the bottom unless an upward force is 
applied to prevent it. A lighter-than-air ship or balloon will continue to rise 
unless a downward force is applied or unless it reaches an altitude where its 
density is the same as that of the atmosphere. 

Figure 2.10 is a free-body diagram of an object immersed in a fluid. For 
vertical equilibrium, the following expression applies: 


Free body 


Fg 


Figure 2.10  Free-body diagram. 
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> F.= 0 = Fs = F, — F, (2.23) 


In equation (2.23), Fg is the buoyant force, F, 1s the weight of the body, F; 
is the force required to prevent the body from rising, and (—F;) 1s the force 
required to ratse the object. 


3 


Equations of Fluid Motion 


3.1 INTRODUCTION 


This chapter concludes the introductory material of this book by examin- 
ing the basic equations for velocity and encrgy in flow systems. Topics 
include fluid kinematics, fluid dynamics, and gas dynamics. This chapter 
may be skipped by those familiar with the material. The topics covered 
here provide a foundation for the derivation of equations in the remainder 


of the book. 


3.2 FLUID KINEMATICS 


Fluid kinematics is that branch of fluid mechanics that deals with the geometry 
of fluid motion without consideration of forces causing motion. It will be 
assumed that any fluid particle is very large in size with respect to a molecule 
and is, hence, continuous. A quantity such as velocity or fluid particle dis- 
placement must be measured relative to some convenient coordinate system. 
Two methods have been devised for representing fluid motion. One describes 
the behavior of a single fluid particle. the other is concerned with several fluid 
particles passing by certain points or sections ofa fluid, The description of the 
behavior of individual fluid particles is called the Lagrangian method, after 
Joseph Louis Lagrange (1736-1813). This method of analysis involves 
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establishing a coordinate system relative to a moving fluid particle as it moves 
through the continuum and measuring all quantities relative to the moving 
particle. The behavior of the individual fluid particle is of no practical impor- 
tance in fluid mechanics, and this method is seldom used. 

The establishment of a fixed coordinate system and the observation of the 
fluid passing through this system 15 called the Eulerian method, after 
Leonard Euler (1707-1783). The Eulerian method will be used for the most 
part throughout this book. 


Velocity Profile 

Volumetric Flow Rate 

Figure 3.1 shows the steady flow of a fluid in a circular pipe. The velocity 
profile is obtained by plotting the velocity U of each streamline as it passes 


section A-A. The volume rate of flow Q past section A-A is given by the 
following: 


Q= | оаа (3.1) 


Average Velocity 


In many engineering applications. the velocity profile is nearly a straight 
line or can be reduced to one, so the average velocity v may be used. The 
average velocity e ts defined as follows: 





Velocity profile dA 


Figure 3.1 Velocity profile. 
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Continuity Equation 
Mass Flow Rate 


Consider the volume of fluid ds dA moving in a streamtube with a velo- 
city of U as shown in Figure 3.2. By definition, 71 — pF. or dm — pds dA. 
Dividing by the time df for this volume to move the distance ds and noting 
that, by definition, U = ds/dt vields the following: 


dm p ds dA 
= — = COT / 3.3 
din (©) di pU dA (3.3) 


Continuity. Equation 


The continuity equation is a special case of the general physical law of the 
conservation of mass. It may be stated simply that the mass flow rate enter- 
ing a system is equal to the mass rate of storage in the system plus the mass 
flow rate leaving the system. Consider the flow system shown in Figure 3.3. 
Fluid is being supplied to the tank by means of the pipe at the rate rin = 
ріст апа leaves the system at the rate of 5 = p Aar . If the amount 
supplied is greater than that leaving, the tank level, z, will rise and fluid will 


еее) 


gs 


= 


a 
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Figure 3.2. Mass flow rate. 
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qz 





G m, = PAV: 
O 


Figure 3.3 Continuity equation. 


be stored in the tank at the rate of m1, = pA(dz/dt). Mathematically, this all 
can be stated as follows: 


mass rate entering = mass rate of storage + mass rate leaving 


тү == тї, ++ т» 
ас 


py Av = pA (%) + pAn 
dlt 


Steady Stute 


If the amount supplied is equal to the amount removed, then «dz is zero or 
there is no storage. Equation (3.4) becomes the following: 


m = pA = pA =... = PyAyly = PAV (3.5) 


The relationship of density to specific volume [o — 1/v (Equation (1.15)] 
allows the equation of continuity to be written as the following: 
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Ат 
V 


m= pAv (3.6) 
The mass flow rate is constant any place in a steady-state system. For 
compressible fluids, it is sometimes convenient to use a differentia] form 
of equation (3.6), which may be obtamed by writing it in logarithmic 
form and differentiating. noting that (m is a constant. 


log, v 4- log, A — log, v — log, m (3.7) 
do + dA — d = 0 (3.8) 
0 А V 


Using the relationship v = 1/p [Equation (1.15)] again, equation (3.8) 
may be written as follows: 


dv dA а 
de dA dp 


+ 0 (3.9) 


3.3 FLUID DYNAMICS 


Fluid dynamics is that branch of fluid mechanics that deals with energy and 
force. This topic includes the equation of motion, the energy equation, and 
the impulse-momentum equation. The continuity equation was developed in 
the previous section as a special case of the principle of the conservation of 
mass. The equation of motion 1s an application of Newton’s second law to 
fluid flow in a streamtube. The energy equation is a special case of the 
principle of the conservation of energy. The impulse-momentum equation 
was developed in Chapter ! as a special case of the equation of motion. 


Equation of Motion 
Derivation 


Consider the fluid element flowing steadily in a streamtube shown in 


T m ast m 
Figure 3.4. This element has a length of dL, an area normal to the motion 


of dA, and a perimeter of dP. The elemental mass is po dA dL. The increase 
in elevation of this mass is dz, and the motion of the element is upward. 
Forces tending to change the velocity, U, of this fluid mass are: 


Pressure forces on the ends of the element: 
dF, = p dA —(p+dp)dA = —dp dA (3.10) 


Gravity force due to the component of weight in the direction of motion: 
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Figure 3.4 Elements of a streamtubc. 





r dA dL fdz dA dz 
tr, = - BAT (F) =~ с (3.11) 
` 8, dL gc 
Friction force on the outer surface of the clement: 
dF, = —t dP db (3.12) 
The combined force becomes the following: 
_ dA dz 
Y^ dr = dF, + dF, + dF, = -dP dA - P2475. , qp qi 
| Be (3.13) 








- 2 Ра 
>` АҒ - -«А С + еке _ s =) 


Application of Newton's second law [equation (1.11)] yields the following: 


dA dL (“) | o dA dU (2  pdA U dU 


= 3.14 
di g, dt 2. ( ) 





_ та 
>` dF = — = P 
ge g. 


Substituting from equation (3.13) for X ` dF, equation (3.14) may be written 
as follows: 


Y dF = -dA (Ф + EE + 


с 





(3.15) 





t dP 2) орал 040 
dA i Р, 


Simplifying equation (3.15) and setting it equal to zero results in. the 
following: 
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10 d dL {dP 
E L8 QT (7) =o (3.16) 
g. 8, p о dA, 
Substituting v — 1/p from equation (1.15) results in the following: 
J dU P 
а-а YU уат 4.4) -0 (3.17) 
Ес Re dA 


One-Dimensional Steady-Flow Equation of Motion 


It will be shown later (Section 4.13) that d4/dP is equal to a quantity termed 
the Aydraulie rudius (R,). For one-dimensional flow, v= U. Substituting 
this value of U and the definition of hydraulic radius into equation (3.17) 
yields the following: 


к 
g 


Integrating equation (3.18) between sections | and 2 leads to the following 
expression: 


v di 
di y dp 4 — dL — 0 (3.18) 
Sec Ry, 





3 2 2 5 
5 — U < l - 
Š (=. — z) + “2 i + | vt dL — 0 (3.19) 
eO 2g. l K, 1 
Let 
1 2 
Н; = z) vr dL (3.20) 
К, ! 


where H, 15 the energy lost due to friction. Substituting this into equation 
(3.19) results in the following: 


3 


US — 4 : 
2-6-4) + T e v dp t H, —0 (3.21) 
с 286 l 


For an incompressible fluid (v, = va), equation (3.21) becomes the follow- 
ing: 





2 
1% — 
2g, 





"2 
17 
la ~2) +21 4 py - pi) +H, =0 (3.22) 
For frictionless flow of an incompressible fluid (H, — 0), equation (3.22) 
reduces to the following: 
i 


Е _ 
Jg. + (px — p) = Ü (3.23) 





8 
— (2 ~ 21) + 
Se 
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Multiplying equation (3.23) by g,/g and noting from equation (1.14) that 
v= g/yg, results in the following: 








vu Qm-m 
2g y 


This is the equation proposed by Daniel Bernoulli in his Hydrodynamica 
published in 1738; thus, it is named the Bernoulli equation, 


(22 — 1) + = 0 (3.24) 


Specific Energy 


Before developing the energy equation, a general discussion of energy is in 
order. Two types of energy will be considered. The first is the energy of the 
fluid at a section, and the second is the energy added to or taken from the 
fluid between sections. The total energy possessed by a fluid at a section is 
dependent upon the net energy added to or taken from the fluid between it 
and a prior section, but the individual energies are independent of their 
counterparts at the prior section. For this reason, fluid energies are called 
point functions. The energies added to or taken from the fluid between 
sections depend upon the manner or process, and these transitional energies 
are Called path functions because of their dependence upon the process 
undergone. The total amount of energy in a system cannot be measured 
but must be referenced to some arbitrary datum. In fluid mechanics, we 
are interested in energy change, and any convenient datum may be used. 


Specific Potential Energy 


The potential energy of a fluid mass is the energy possessed by it due to its 
elevation relative to some arbitrary datum. It is equivalent to the work that 
would be required to lift it from the datum to its elevation in the absence of 
friction. 

The change in specific potential energy (APE) may be computed for a 
field of constant gravity as follows: 
з Гв: 


= adi = — LZ — 


g J- ge 


DE 
рі. 


к 
UA 
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A 
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һе 
(ә 


Y 
| 


to 


Note that equation (3.25) is the same as the first term of equation (3.19). 


Specific Kinetic Energy 


The kinetic energy of a fluid mass is the energy possessed by it due to its 
motion. It is equivalent to the work required to impart the motion from rest 
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in the absence of friction. The change in specific kinetic energy (AKE) may 
be computed as follows: 





AKE = | vdu- (3.26) 


8, 


Note that equation (3.26) is the same as the second term of equation (3.19). 


Specific Internal Energy 


The internal energy of a body is the sum total of the Kinetic and potential 
energies of its molecules, apart from any kinetic or potential energy of the 
body as a whole. The total kinetic internal energy is due primarily to the 
translation, rotation, and vibration of its molecules. The potential internal 
energy is due to the bonding or attractive forces that hold the molecules in a 
phase. 

The potential internal energy decreases as a substance changes from solid 
to liquid to gaseous phases as the bonding forces decrease. In the gas phase, 
the internal energy is mainly kinetic. As the ideal gas state is approached and 
molecular activity increases with temperature, the internal energy becomes 
all kinetic; thus, the internal energy of an ideal gas is a pure temperature 
function. 

The symbol for specific internal energy is u, and the change in specific 
internal energy 15 given by the following: 


2 
Ан = / du = uy — H| (3.27) 
1 


In SI, the units for internal energy are the joule per kilogram or newton- 
meter per kilogram. For USCS units, conventional practice is to use the 
British thermal unit per pound-mass (Btu/lbm). For fluid mechanics, it will 
be necessary to convert the Btu їо Й: 167 (778.2 ft-Ibf = 1 Btu). 


Specific Flow Work 


Flow work is the amount of mechanical energy required to force a flowing 
fluid across a section boundary. Consider the steady-flow system shown in 
Figure 3.5. Fluid enters the system at section |. where the flow area is 4, and 
the pressure ts p,, and leaves at section 2, where the flow arca is 45 and the 
pressure is po. The force acting to prevent the fluid from crossing a section 
boundary is 


F = pA (3.27) 
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System boundaries 
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Figure 3.5 Flow work. 


where p is the pressure at the section boundary and A is the flow arca. The 
thermodynamic definition of specific work is given as equation (3.28): 


| 
W =— | F dx (3.28) 
m 


Substituting equation (3.27) in equation (3.28) yields the following: 
1 А 
ру = Р dx = | dx (3.29) 
т) J m 


FW in equation (3.29) is the specific flow work. Noting that 4 dv is the 
volume V of fluid being “pushed” across a section boundary and that by 
definition / — mv, equation (3.29) may be written as follows: 


2 2 2 
FW -f “= j “= j dP) = pava = pwi (3.30) 


"n #1 





AFW is the change in specific flow work. 
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Specific Enthalpy 


it is sometimes desirable to combine certain fluid propertics to obtain a new 
one. Enthalpy is a property combining internal energy, pressure, and specific 
volume. 

The symbol for specific enthalpy is /r specific enthalpy is defined by the 
following equation: 


h —upv (3.31) 
The change in specific enthalpy becomes 
AA = fy -- fy = Ua = цр + рэз = ру (3.32) 


Specific enthalpy units in SI are the joule per kilogram or newton-meter 
per kilogram. For the USCS units, conventional practice is to use the British 
thermal unit per pound-mass (Btu/lbm). For fluid mechanics, it will be 
necessary to convert the Btu to ft-lbf (778.2 ft-lbf = 1 Btu). 


Shaft Work 
Definition 


Shaft work is that form of mechanical energy that crosses the boundaries 
of a system, transmitted through the shaft of a machine. The result of this 
transmission is to increase or decrease the total amount of energy stored in a 
fluid. 

Shaft work is mechanical energy in transition and cannot be stored as 
such in a fluid. For example, consider a pump that is pumping water from a 
lower level to a higher one. While the pump is in operation, shaft work is 
transmitted to the water; this increase in energy causes the water to rise to a 
higher elevation. After the pump has stopped, the amount of energy added 
to the fiuid less losses is now stored in the water in the form of increased 
mechanical potential energy. 

Because the first engines built by man were made to extract work from 
the fluid energy, conventional practice is to call shaft work done 5v a fiuid 
positive work, and work done on a fluid negative work. Shaft work may also 
be classified as steady flow or nonflow according to the type of machine and 
process. 


Nonflow Shaft Work 


Consider the cylinder and piston arrangement shown tn Figure 3.6. As 
the piston advances from the state point | to point 2. the fluid in the cylinder 
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Figure 3.6  Nonflow shaft work. 


expands and work is done hy the fluid. If the piston were made to retract, 
than tha 6014 22,52. АЛДА eoenumesecasd and nek ape ld be Anes or the feted 
оп C HUU WOuUlIO DC COIIIDICSSCC db WOLR. WwüuLIILE UC COIIC CH нє иша. 

The force exerted by the fluid on the piston of Figure 3.6 is given by the 
following: 


F — pA (3.33) 


Substituting equation (3.33) in equation (3.28) and noting that the area of 
the piston, A, is a constant such that 4 dv = dV and that by definition V = 
mv results in the following: 


| А “nd 2 
wm [ras [az [P5 Гоа (3.34) 
m m pom | 


W,, in this equation is the specific shaft work. 





Steady-Flow Shaft Work 


The specific steady-flow shaft work may be expressed as follows: 


Wy = far, # Иэ = И, (3.35) 
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W, is the steady-flow shaft work per unit mass. Because the differential of 
shaft work is inexact, the Greek letter 5 is used instead of d. Equation (3.35) 
may be correctly written as follows: 


Wy = J 8W., (3.36) 


Heat and Entropy 


Heat is the form of thermal energy that crosses the boundaries of à system 
without the transfer of mass as a result of a difference in temperature 
between the system and its surroundings. The effect of this transfer is to 
increase or decrease the total amount of energy stored in a fluid. Heat is 
thermal energy in transition, and like shaft work it cannot be stored as such 
In a fluid. Because the first devices made by humans were to produce shaft 
work by adding heat, heat added to a substance is positive, and heat rejected 
is negative. Entropy is the fluid property required by the second law of 
thermodynamics to describe the path of a reversible process. Entropy ts 
defined by the following equation: 


4 = J T ds (3.37) 


in equation (3.37), q is the heat transferred per unit mass and s is the entropy 
per unit mass. 
Heat may also be expressed as the following: 


= f: dq Z qx — qi (3.38) 


Note that the symbol 6 is used in place of d, because the differential of heat 
transfer is inexact. 
Equations (3.38) and (3.37) may be combined as follows: 


q = J: dg — [т аз (3.39) 


Equation (3.39) is a mathematical statement; heat is the area under the 
temperature-entropy curve of Figure 3.7. 

In SI, the joule per kilogram or newton-meter per kilogram is used for 
heat and the joule/kilogram Kelvin is used for entropy. In USCS units, the 
British thermal unit per pound mass is used for heat, and the British thermal 
unit/pound mass degree Rankine is used for entropy. For fluid mechanics, it 
will be necessary to convert the Btu to ft -Ibf and the Btu/Ibm- R to ft - Ibf/ 
Ibm-"F (778.2 ft -Ibf = 1 Btu). 
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Figure 3.7 Temperature-entropy plane. 


Steady-Flow Energy Equation 


The steady-flow energy equation is readily derived by the application of the 
principles of conservation of energy to a thermodynamic system. The fol- 
lowing forms of energy are considered, 


Stored in Fluid: 





Potentia] energy APE = 5 (s — 2i) (3.25) 
ШЕ 

Kinetic energy АҚЕ- 55 (3.26) 

Internal energy Ан = и = ц (3.27) 


Flow work FW = рэр = ру (3.30) 
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In Transition: 


Shaft work Wy = | LA (3.36) 


Heat transfer 4 = E dq (3.38) 


The baste requirement for the satisfaction of the principle of conservation 
of energy may be stated as follows: 


У energy entering system — > energy stored in system 
(3.40) 
= Y energy leaving system 


In a steady-flow system, the energy stored in the system does not change 
with time. so for any given period of time equation (3.40) reduces to equa- 
tion (3.41): 


X energy in = У energy out (3.41) 


Equation (3.41) may be modified to show the types of energy as follows: 


- И . ..- 
' a ът тъл бын + ANF im tran + Aan + 
LEA STAN a EEE ішім © Ita EU MI Li ` 


system = {energy in transition removed from system + energy stored in 
fluid leaving (3.42) 


A 


B 


Consider the block diagram of Figure 3.8. The fluid enters the system 
through section l, transporting with it its stored energy expressed as follows: 


5 
£ v | 


z + u| + Рт) 

ge 28, 
The fluid leaves the system at section 2, removing its stored energy expressed 
as follows: 


5 22 + 1 + 
— 2 Hr pv 
8. 2g, 


Since heat (q) added to a system is considered positive, the arrow shows 
heat being added between sections | and 2, In a like manner, the steady-flow 
shaft work (Wr) is shown to be leaving between sections ] and 2, because 
work done by the fluid is considered positive. 

Application of equation (3.42) to Figure 3.8 results in the following: 
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Figure 3.8 Steady-flow energy diagram, 


tata 
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7 т 
(E: +S + ш tmm) +q = Wy + (5- ub Tou +m] (3.43) 





g, 22, ) 


Ш N 


Equation (3.43) may be written as follows: 


rota 


2 
US) — Ty 


g= Wys +20 – 1) + Зе + iy — Wy + pres = ршщ (3.44) 





Equation (3.44) may be written as follows: 


q = Wa + APE + AKE + Au + AFW (3.45) 
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Relation of Motion Equations and Energy Equations 


The equation of motion was derived earlier in Section 3.3 without consid- 
eration of steady-state shaft work. Had shaft work been considered, the 
resulting one-dimensional equation of motion (3.21) would have been the 
following: 








2_ 2 2 
£ 5-4 
Иу---С-- ср) + +f vdp + H, = 0 (3.46) 
! Se | 2g. 1 ! 

Noting that 

Paya — pivi - | d(pv) — J V ap + Í p dv (3.47) 

I | l 
the energy equation (3.44) may be written as follows: 
2/2 2 2 
g 15 -- [Н 
q=Wy Fe Gas s+ % eacus] "dps Í p dv (3.48) 
с 8c 


As the equations are now written, the equation of motion (3.46) contains 
no thermal energy terms and the energy equation (3.48) contains no term for 
friction. If equation (3.46) 15 subtracted from equation (3.48) and solved for 
Hp, the following is obtained: 


H, Tenn dv—qg (3.49) 
! 


For an incompressible fluid, vy; = vs, or dv = 0, so equation (3.49) reduces to 
the following: 


Hy = uy — u! — (3.50) 


Equation (3.49) indicates that energy is not "lost" due to friction but is 
simply converted into some other form that is either removed from the 
system as heat transfer or/and increases the internal energy of the fluid. 


Consider the horizontal piston and cylinder arrangement shown in Figure 
3.6. Fluid does not cross the system boundaries, so no flow work is per- 
formed; nor can there be any change in kinetic energy. Because the cylinder 
is horizontal, there is no change in potential energy. Of the six forms of 
energy considered earlier in Section 3.3 for the steady-flow equation, only 
three- -internal energy, shaft work, and heat transfer - need to be consid- 
ered for a nonflow system. 
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From Figure 3.9, application of the principle of conservation of energy 
leads to the following: 


q = Aut Wa (3.51) 
Noting from equation (3.27) that 
Au = u> — H| (3.27) 


and from equation (3.34) that 


2 


Wy = J: dv (3.34) 
l 


the nonflow equation may be written as follows: 


? 


4 = иэ = щу + J p dv (3.52) 


If equation (3.52) is subtracted from equation (3.48), the following ts 
obtained: 


c 
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Figure 3.9  Nonflow energy diagram. 
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22.2 2 
0=W,4+2(n-p4+ 1 f v dp (3.53) 
ge 29. Ai 
or 
3 v _ v 
— J v dp = W, + £ — 21) + | (3.54) 
1 £, 25, 
Equation (3.54) may also be written in the following form: 
- | vdp= Wy, + APE+ AKE (3.55) 
i 


From equation. (1.32). n = —(v dp/p dv), and from equation (3.34) 
Wy = [р dv. Using these relations and equation (3.55) results in the 
following: 

2 


ЕЕ » c р ар И + АРЕ + АКЕ (3.56) 


~ pdv 2 Wy 
J p dv 
| 


Note that in the absence of potential and kinetic energy changes. the 
process path пл 18 the ratio between the steady-flow work and the nonflow 
work for a reversible process. If — fv dp from equation (3.54), Ah from 
equation (3.32). and f T' ds from equation (3.37) are substituted in equation 
(3.44), the following results; 








2 2 
15 — vy 
q = É + MZ = 21) + Jg | + (и = t + pov ру) 
ns ° (3.57) 
2 2 
4--/ v dp + лл = f T ds 
I { 
Equation (3.57) may be written in differential form as follows: 
ба = T ds — —v dp 4- dh (3.58) 
Equation (3.52) can be written in differential form as follows: 
6g = T ds — p du + du (3.59) 


Equation (3.58) was developed from the steady-flow energy equation and 
equation (3.59) from the nonflow equation. Noting that by definition dh = 
“4н + d(pv) — u 4- p dv v dp and substituting in equation (3.58) yields the 
following: 


T ds — -v dp + Ай = —v dp+ du + p dv+ v dp = p de + du (3.60) 
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Ideal Gas Specific Heat and Energy Relations 
Specific Heats 


The specific heat of any substance is defined by the following equation: 


dg 
Cy == Ej . (3.61) 


where c, is the specific heat for process x. 

In Si, the joule per kilogram per Kelvin (J/(kg. K)) or the Newton-meter 
per kilogram per Kelvin is used for specific heat. For USCS units, conven- 
tional practice is to use the British thermal unit per pound-mass per degree 
Rankine (Btu/(Ibm- R). For fluid mechanics, it will be necessary to convert 
the Btu to ft-Ibf (778.2 ft Ibf = | Btu). 

Coustant-Volume Specific Heat 


Note that if equation (3.59) is solved for a constant-volume process 
(dv = 0), the following results: 


ба. = p(O) + du = du (3.62) 
From equation (3.61), the following can be written: 
f ag га, 


с, (54) =< = (Z) (3.63) 


Since the internal energy of an ideal gas is a function of temperature only, 
the partial notation may be dropped; equation (3.63) may be then be written 
as follows: 


du = c dT (3.64) 
Eguation (3.64) may be used for any ideal gas process. 
Constant-Pressure Specific Heat 


Note that if equation (3.59) is solved for a constant-pressure process 
ote that Wo equation (3.5%) 18 solved for a constant-pressure proces 


(dp = 0), the following results: 
ôd, = — V0) + dh = dh (3.65) 


From equation (3.61), the following can be written: 


ag oh 
[Nn n (ah 3.66 
с (%) tp (а). (3.66) 
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Since the enthalpy of an ideal gas is a function of temperature only, the 
partial notation may be dropped: equation (3.66) may be then be written as 
follows: 


dh = c, dT (3.67) 


Equation (3.67) may be used for any ideal gas process. 


Ratio of Specific Heats 

If the relation of equation (3.67) is substituted in equation (3.58), the 
following results: 

T ds = —vdp + e, dT (3.68) 
For an isentropic process (ds = 0), equation (3.68) reduces to the following: 

v dp = tp dT (s = c) (3.69) 
If the relation of equation (3.64) is substituted in cquation (3.59). the follow- 
Ing equation results: 

Tds=pdv+c, dT (3.70) 
For an isentropic process (ds = 0), equation (3.70) reduces to the following: 

—p dv — c, dT (s — c) (3.71) 
Substituting equations (3.69) and (3.71) in equation (1.32) yields the follow- 
ing: 


—v dp c» dT cp 
= = — =—=k 3.72 
" р ау (% ат C. (3.72) 








In equation (3.72), &, the ratio of specific heats, is the exponent for an 
isentropic process. 

If the definition of enthalpy is written in differential form and from 
equation (1.37) py = RT. equation (3.64) du — c,dT, and equation (3.67) 
dh = c, dT, the following can be written: 


dh = du c d(pv) 2 c, dT — c, dT - R dT 
or 


Cp 


е. = В (3.73) 
Dividing equation (3.73) by c,. yields the following: 
@ 6 R ,_R 


C. C €, Cn 


or 
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R 
= 7 (3.74) 
In a like manner, the following can be written: 
kR 
"I (3.75) 


Polvtropic Specific Heat 


Integrating equation (3.34) for a polytropic process using ри" = с [equa- 
tion (1.31)] gives the following: 


2 2 і-н 2 
2 2 dv ма- 
foo ant ) mann "TE (3.76) 
] l 
l 





р а П l~n 


If the ideal gas equation of state (1.37) pv = RT is substituted in equation 
(3.76), the following results: 


4 


< aV — RT; — RT RUT, — T 
J pdy , D Pi _ КЇ» [LLL ROS - 1) (3.77) 
| l-n l-n l-n 
Writing equation (3.77) in differential form and substituting c, — c, — R 
from equation (3.73) results in the following: 
Кат (,-сдат 
p du = = Mp LOT (3.78) 





l-a l-n 
Substituting ¢, dT' for T' ds and p dv from equation (3.78) in equation (3.70), 
noting that c,/c, = k, and solving for c, yields the following: 


T ds =p dv +c, df = c, dt = T dT -- c, dT 


or 





n =. 
Isentropic Energy Relations 


The path of frictionless adiabatic flow of an ideal gas, is from equation 
(1.33), pv — a constant. If the friction term (vr DL/R;) of the equation of 
motion (3.18) is dropped, and the equation integrated between sections 1 
and 2, the following equation can be written for frictionless flow: 
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2 aye 2 
5 (а; _ zi) + 2 171 + [ v dp = 0 (3.80) 
oc vj 


“Ac 





The third term of equation (3.80) may be integrated by noting from equa- 
tion (1.42) that v — v((p, /p) ^, so the following results: 


2 


2 * dp k YE 
In = д с _ д (А Вр 
J мар Vip | p^ „р, К |] P | 
2 (A—1)/k 
k рэ 
kuna (916) = 


Substituting equation (3.81} in equation (3.80) yields the following: 


g 5 ат k Np 
202-294 7 “ріл LC » -І|ш0 (3.82) 


Substituting from the equation of state (1.37) ppv; = RT, and from equation 
(1.42) T/T, = (po/p\)*~* in equation (3.82) results in the following: 


а 4% — т] k Т» 
--(24--2 = RT, (—— ——11zc 
g E U) + 22, T (WG ) 


2 9 

5 — {ү Rk 
fi - 2) 42% 1 L( FS yr, Ta) = 0 
8, 2E, WW = 17 


(3.81) 








(3.83) 





Substituting from equation (3.75), c, — Rk/(k — 1), and from equation 
(3.67). dh — c,dT, in equation (3.83) results in the following: 


2 > 2 
5 — | g 05 eT 
= +6175 = 7 = — (25 — г + = 
2: с al = l ] r. ( 2 l ) 2; c 








62-2) + + – у = 0 


(3.84) 


The same result can be obtained from the energy equation. For an isen- 
tropic. process, q— 0, for no shaft work, И = 0, and by definition 
и = ир + роо = piv, — h, — hy. Substituting these expressions in equation 
(3.44) yields the following: 


2 


tata 


е 





4- иу + —)+ To — uj + роі руу (3.44) 


ka: 


bate 


` 
15 = 17 


2g. 


ot 





0=0+ (2-2) + hy —hy (3.85) 


The general energy equation (3.44) may be written in the following form by 
substituting for 4; — A, the апе о [ААДА = ОС — Ti: 
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05 — 17 
q = Wy + 2 (22-21) + s - us = шу + роо = рул (3.44) 
g TET KR 
q= Wy + (2. -2,;)+— + (2—05 = Д) (3.86) 
£, 2g, k-i 


Impulse-Momentum Equation 

The impulse-momentum equation is used to calculate the forces exerted ona 
solid boundary by a moving stream. It was derived in Section 1.6 as an 
application of Newton’s second law. This resulted in the following equation: 





та mvs, — ul) 


Ee $c 


F -= (1.11) 


Substituting E F (the summation of all forces acting) for F and from equa- 
tion (3.6), #27 = pdr, yields the following: 


aan — Av 
У F- т(- 0) _ pA! (0s — n) (3.87) 
Ec Se 





In the application of equation (3.87), it must be remembered that velocity 
is a vector and as such has both magnitude and direction. The impulse- 
momentum equation is often used in conjunction with the continuity and 
energy equations to solve engineering problems. 

In general, the "frce-body" method is used to compute the forces involved 
on the boundaries on a control volume. The symbol F is used for the force 
exerted by the boundaries on the fluid. There is an equal but opposite force 
exerted by the fluid on the boundaries. 


3.4 GAS DYNAMICS 


Gas dynamics is the branch of fluid dynamics concerned with the motion of 
gases and consequent effects. Gas dynamics combines the principles of fluid 
mechanics and thermodynamics. This subject is based on the application of 
the following four fundamentals: 


Newton’s second law of motion 
The law of conservation of mass 
The first law of thermodynamics 
The second law of thermodynamics 
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Because the potential energy changes in ideal gas systems are usually 
small compared with other energy changes. all systems in this section are 
assumed to be /iorizontal, and thus z; — z, — 0. It is further assumed that the 
flow is one-dimensional and that all fluids are in the ideal gas state. 


Area-Velocity Relations 


їп this section, the differences between incompressible and compressible 
flow area—velocity relations are developed. 


Incompressible Fluids 
Repeating the continuity equation in differential form from Section 3.2: 


dv dA d 
de dA dp 


=0 3.9 
u A p (3-9) 


For an incompressible fluid, dp = 0, so equation (3.9) reduces to the follow- 
ing: 
dv dA 
— — 3.89 
N" 7 (3.89) 


Inspection of equation (3.89) indicates the following: 


1. If area increases, velocity decreases. 

2. If area decreases, velocity increases. 

3. Tf area is constant, velocity is constant. 
4. There are no critical values. 


Compressible Fluids 


The equation of motion (3.18) for a horizontal system (¢z = 0) and for 
frictionless flow (t = 0) becomes the following: 


v dv 





+ ар = 0 (3.90) 


Substituting equation (1.15), v = I/p. in equation (3.90), yields the follow- 
ing: 
vdt dp 
— +— = 
8, p 


0 (3.91) 


Substituting equation. (1.57), o — Eg,/c, and equation (1.45), dp— 
—E dv/v, in equation (3.91) and dividing by «° yields the following: 
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vdo dp dv  (—Edvfv) | 


vg. uà go (Ege) 








or 


dvo (Су = (3.92) 


V с 0 


Equation (3.8), the differential form of the continuity equation, can be 
written as follows: 


dv dA dv 
—+—+— =Ü (3.8) 
Ü A v 

Substituting the relationship for ¢v/v from equation (3.92) in equation (3.8) 
and solving for dA results in the following: 


dA dv dv | (e e= || (3.93) 


A V v ср р р с 


The ratio of actual velocity, v, to the speed of sound c is known as the 
Mach number, M, named in honor of Ernst Mach. an Austrian physicist. For 
an ideal gas from equation (1.59), ¢ = (kg, RT), so the following can be 
written: 

M= U = “ (3.94) 

C kg.RT 


Substituting equation (3.94) in equation (3.93) and rearranging terms yields 
the following: 


dA du sine de 2 
CY} =a we 3. 
= (6 1 -(1- М3 (3.95) 


Analysis of equation (3.95) leads to the following conclusions: 


l.v«cMc«lI dA/A varies as Velocity subsonic: 

—dofv If area increases, velocity 
decreases. Same as for 
incompressible flow. 

20=¢,M=1 4А/А Velocity sonic: 

equals zero Sonic velocity can exist only 
where the change in area is 
zero, 1.¢., at the end of a 
convergent passage. 
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пье М> 1  dA/A varies as Velocity supersonic: 

dv/v If arca increases, velocity 
increases reverse of 
incompressible flow. Also. 
supersonic velocity can exist 
only tn the expanding portion 
of a passage after a 
constriction where sonic 
(acoustic) velocity existed. 


Frictionless Adiabatic (isentropic) Flow of ideal Gases in 
Horizontal Passages 


General Considerations 


Frictionless adiabatic (isentropic) compressible flow of an ideal gas must 


satisfy the following requirements: 


1. 


The ideal gas law. The equation of state for an ideal gas is the follow- 
ing: 


pv = КГ (1.37) 
The process relationship. For an ideal gas undergoing an isentropic 
process: 

ру = р vi = ри (1.33) 


Conservation of mass. The continuity equation may be expressed as 
follows: 
. Av A ШЇ Аз? 


т = = 
М vy V5 








— 
„ә 
L 

— 


Conservation of energy. The sum of all the energy at a section is the 
same for al! sections. Equation (3.84) for a horizontal passage may be 
written as follows: 


P ы 
Pe cta Ite Ge) 


+ 





Derivation of equations 


For an ideal gas, equation (3.83) may be written as: 
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әгә 


RKT а” | RK&T| 7 RTs v 


k—1 32g k-ll 3 k-17? (3.97) 
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Substituting for Mach number from equation (3.94) [M — v/(kg, RT)'^] in 
equation (3.97) and simplifying results in the following: 


ВКТ, | Mi(kg.RT,) | RKT | Ms(Kg, RT:) 
k—1 2g, Тк] 2g. 





which reduces to: 


к-1 3 
non 
Tou (3.98) 


Т, + (=); 


P 





Stugnation Condition 


The stagnation state exists when the velocity is zero and hence the Mach 
number is also zero (see Figure 3.10). Let To represent the temperature when 
M — 0 (w= 0). Tg is known as the stagnation temperature. Substituting in 
equation (3.98) Tg for Ti, T for 75, and M for M^ results in the following: 





k — la 
T (5-4) к-1у ә]! 
р = Í+ — JM (3.99) 
Cete 
2 

Let pọ represent the pressure when M =Ù (v = 0). ро 15 the stagnation 
pressure. Substituting the isentropie T-p relationship of equation (1.42) 
(p/po =(T/ Ту) in equation (3.99) results in the following: 


AK - үү s 
p. ( D I А (5 ae 1 А f А (SS!) ky 


Po Хі [L J L J 
(3.100) 





Let py represent the density when M =Q (e = 0). po ts the stagnation 
density. The p/py relationship may be established by noting that the isen- 
tropic process of equation (1.33). pv’ = c, may be written as a density func- 
tion, since, from equation (1.15) p = l/v. or p/p =c. Substituting these 
values in equation (3.100) results in the following: 
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Sonic Flow M-1 


Supersonic Flow 





Figure 3.10 Notation for isentropic flow. 


1/4 m әр Е /а-А) 
moda) = liter} 4 (ум 
Po 0 2 2 


(3.101) 


Critical Conditions 


Critical conditions exist when the Mach number is unity. Let 7* repre- 
sent the temperature when М = 1, where 7" is the critical temperature. 
Substituting in equation (3.99) 7* for T and M" for M results in the follow- 
ing: 


T* k-1\ 477! k—-INS] 2 
scere] Де ЕУІ 0m 
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* 


Let p* represent the pressure when M — 1, where p" is the critical pres- 
sure. Substituting in equation (3.100) p" for p and 1 for M results in the 
following: 


* kf A) КЪА) КАК 1) 
р к= 1\5 k— 13 2 
— =l! M =]! —— jl = [ —— 
Ро | И ( 2 ) | | T 2 k+l 


(3.103) 





Let o* represent the density when M - 1, where p' is the critical density. 
Substituting in equation (3.101) p* for p and |І for M results in the following: 


p k—1] „1501-0 k |N ДАО 2 NÉK- 
ap] eC = (er) 
(3.104) 


Let »* represent the velocity when M = 1, where (^ is the critical velocity. 
. 2 . . 
From equation (3.94), » = M(kg, RT)'^, so the following can be written: 


kg RT £ To T Т, 
= М1 |= м. 1—10 3.105 
ke rT? М күп TV T* (3.105) 
Substituting from equation (3.99) for 7/7, and from equation (3.102) for 
Ty) /T* into (3.105) yields the following: 











мему" м) 2 OM TOROTA 
Ux 2 2(1+ м) 
2 
(3.106) 


The critical area A* is obtained by writing the continuity equation, 
pAv = p” A*v", as follows: 


2-C)C)- COO -COG)G) e 


Substituting from equation (3.104) for o' /py, equation (3.101) for py/p, and 
equation (3.106) for v*'/v into equation (3.107) results in the following: 


k=l 
._ _ (1+ u) 
(4-І . NIK) 


A \k+il 2. MN. k+l 


. (k4-1)/2k-1) 
A .1]( 2 Mau Ezine 
A MINK +1 2 


(3.108) 
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Note that 4/A* is always greater than | and that equation (3.108) has two 
solutions. For every area ratio except unity, there are two Mach numbers. 
one subsonic and one supersonic, that will satisfy equation (3.108). 

Writing the continuity equation for an ideal gas [n — Avp/ RT] and sub- 
stituting for 7" from equation (3.102). p* from equation (3.103), and «' 
from equation (3.106) results in the following: 


m) > ) 
A* ike. R{ —— |pol —À 

» “ер” ү x: (G5 PR I 

т = = 


КТ — 2T, 
il 9 ) (3.109) 











k +I 





At ko. (A4 I - 1} 
jr £m Ag. f 2 
VTV R Akl 


ln equation (3.109), m* is the maximum mass flow rate. 











Tabulated Values of Isentropic Flow Functions 


It has been found useful to compute and tabulate certain standard isen- 
tropic functions. These functions are all dimensionless ratios and are func- 
tions of the Mach number. Table 3.1 contains the following ratios: 


Function Equation 
M* — 3.106 
E 

A 

— 3.108 
A* 

T 

— 3.99 
To 

Р 3.100 
Ро 

p 3.101 
po 


In applying this table it should be noted that all data are based on the 
assumption that the gas ts ideal and that the molecular weight, specific 
heats, and ratios of specific heats are constant. Table D.2 (see Appendix 
D) gives values of & for ideal gases as a function of temperature. When the 
temperature range is known before calculations, the average value of & 
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Table 3.1 


1.20 


Seuseas 


Isentropic Flow Functions 


M* z v*/v 


0.000E+00 
1.000E-02 
2.000E-02 
3.000E-02 
4.000Е-02 
5.000Е-02 
6.000E-02 
7.QQ0E-02 
8.000E-02 
9.000E-02 


1.000E-01 
1.500E-01 
2.000E-01 
2.500E-01 
3.000E-01 
3.500E-01 
4.000E-01 
4.500E-01 


5.000E-01 
6.000E-01 
7. 000E-01 
8.000E-01 
9.000E-01 


1.000Е--00 
1. 1OOE+00 
1.200E+00 
1.300E+00 
1.400Е+00 
1.500Е+00 
1.600Е+00 
1.700Е+00 
1.800Е+00 
1.900Е+00 


A/A* 


ж 
6.066E+01 
3.033Е+01 
2.023Е+01 
1.518Е+01 
1.215Е+01 
1.013Е+01 
8.686Е+00 
7.606Е+00 
6.767E+00 


6.096E+00 
4.089Е+00 
3.094Е-00 
2.503E+00 
2.115E+00 
1.842E+00 
1.56543E+00 
1.491E+00 


1.375E+00 
1.210E+00 
1. 107E+00 
1.044E+00 
1.010E+00 


1.000E+00 
1.010E+00 
1.038E+00 
1.086E+00 
1.154Е+00 
1.245Е+00 
1.363Е+00 
1.513E+00 
1.703E+00 
1.941E+00 


Т/То 


1.000E+00 
1.000E+00 
1.000E+00 
1.000E+00 
1.000E+00 
1.000E+00 
1.000E+00 
1.000E+00 
1.000E+00 
1.000E+00 


1.000Е+00 
1.000Е+00 
1,000E+00 
1.000E+00 
1.000E+00 
1.000E+00 
1.000E+00 
1.000E+00 


1.000E+00 
1.000E+00 
1.000E+00 
1.000E+00 
1.000Е+00 


1.000E+00 
1.000E+00 
1.000E+00 
1.000E4-00 
1.000E+00 
1.000E+00 
1.000E+00 
1.000Е+00 
1.000E+00 
1.000E+00 


р/ро 


1.000Е+00 
1.000Е+00 
9.998E-01 
9.996E-01 
9.992Е-01 
9.988Е-01 
9.982E-01 
9.976E-01 
9.968E-01 
9.960E-01 


9.950E-01 
9.888E-01 
9,802E-01 
9.692E-01 
9.560E-01 
9.406E-01 
9.231Е-01 
9.037Е-01 


8.825Е-01 
8.353E-01 
7.827Е-01 
7.261E-01 
6.670Е-01 


6.065Е-01 
5.461Е-01 
4,868E-01 
4.296Е-01 
3.753Е-01 
3.247Е-01 
2.780Е-01 
2.357Е-01 
1.979Е-01 
1.645Е-01 
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P/po 


1.000E+00 
1.000E+00 
9.998E-01 
9.096Е-01 
9.992Е-01 
9.988E-01 
9.982E-01 
9.976E-01 
9.968E-01 
9.960E-01 


9.950E-01 
9.888E-01 
9.802Е-01 
9.692Е-01 
9.560E-01 
9.406Е-01 
9.23 1E-01 
9.03 7E-01 


8.825Е-01 
8.353E-01 
7.827E-01 
7.261E-01 
6.670E-01 


6.065E-01 
5.461E-01 
4.868E-01 
4.206E-01 
3.753Е-01 
3.247Е-01 
2.780Е-01 
2.357Е-01 
1.979E-01 
1.645E-01 
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Table 3.1 


M 


(continued) 


М%-у%/у 


2.000E+00 
2. 100E+00 
2.200Е+00 
2.300E+00 
2.400E+00 
2.500E+00 
2.600E+00 
2.700E+00 
2.800Е--00 
2.900E+00 


3.000E+00 
3.100E+00 
3.200Е+00 
3.300Е+00 
3.400Е+00 
3.500Е+00 
3.600Е+00 
3.700Е+00 
3.800E+00 
3.900E+00 


4,000E+00 
4, 500E+00 
5.000Е+00 
5.500Е+00 
6.000Е+00 
6.500Е+00 
7.000Е+00 
7.500E+00 
8.000E+00 
9.000E+00 


1.000E+01 
2.000Е+01 
3.000Е+01 


Isentropic Flow Functions 


2.241E+00 
2.620E+00 
3.100E--00 
3.714E+00 
4.502Е+00 
5.522Е+00 
6.852E+00 
8.600E+00 
1.092E+01 
1.402E+01 


1.820E+01 
2.389E+01 
3.172Е+01 
4.257Е+01 
5.776E+01 
7.922Е--01 
1.098E+02 
1.540E+02 
2.181Е+02 
3.123Е+02 


4.520Е+02 
3.364E+03 
3,255E+04 
4.085E+05 
6.637E+06 
1.394E+08 
3.784Е+09 
1.325E+11 
5.987E+12 
2.615E+16 


3.145E+20 
2.191 E+85 
5.473Е+193 


1.000Е+00 
1.000E+00 
1.000E+00 
1.000E+00 
1.000E+00 
1.000E+00 
1.000E+00 
1.000E+00 
1.000E+00 
1.000Е+00 


1.000Е+00 
1.000E+00 
1.000E+00 
1.000E+00 
1.000E+00 
1.000E+00 
1.000E+00 
1.000E+00 
1.000E+00 
1.000E+00 


1.000E+00 
1.000E+00 
1.000E+00 
1.000E+00 
1.000E+00 
1.000E+00 
1.000Е+00 
1.000Е+00 
1.000E+00 
1.000E+00 


1.000Е+00 
1.000Е+00 
1,000E+00 


P/Po 


1.353E-01 
1.103E-01 
8.892E-02 
7.101Е-02 
5.613E-02 
4.394Е-02 
3.405Е-02 
2.612Е-02 
1.984E-02 
1.492E-02 


1.111Е-02 
8.189E-03 
5.976E-08 
4.318E-03 
3.089E-03 
2.187E-08 
1.534Е-03 
1.065Е-03 
7.318E-04 
4.980E-04 


3.355E-04 
4.007E-05 
3.727Е-06 
2.700Е-07 
1.523Е-08 
6.692Е-10 
2.290Е-11 
6.102Е-13 
1.266Е-14 
2.577Е-18 


1.929Е-22 
1.384E-87 
3.694E- 196 
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pipo 


1.353E-01 
1.103E-01 
8.892E-02 
7.101Е-02 
5.613E-02 
4.394Е-02 
3.405Е-02 
2.612Е-02 
1.984E-02 
1.492E-02 


1.111E-02 
8.189E-03 
5.976Е-03 
4.318E-03 
3.089E-03 
2.187Е-03 
1.534Е-03 
1.065Е-03 
7.318bE-04 
4.980E-04 


3.355E-04 
4.007E-05 
3.727E-06 
2.700Е-07 
1.523Е-08 
6.692Е-10 
2.290Е-11 
6.102Е-13 
1.266E-14 
2.57TE-18 


1.929E-22 
1.384E-87 
3.694E-196 


re ee ne кене. С 
SBIQBRBRES 


M* = v*/v 


0.000E+00 
1.025Е-02 
2.049Е-02 
3.074Е-02 
4.099Е-02 
5.123E-02 
6.148E-02 
7.172Е-02 
8.196Е-02 
9.220E-02 


1.024E-01 
1.536E-01 
2.047E-01 
2.558Е-01 
3.067E-01 
3.575Е-01 
4.082E-01 
4.58ЗЕ-01 


5.092Е-01 
6.094E-01 
7.087Е-01 
8.069Е-01 
9.041E-01 


1.000E+00 
1.095E+00 
1.188E--00 
1.279E+00 
1.369E+00 
1.457E+00 
1.544E+00 
1.628E+00 
1.711E+00 
1.792E+00 
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k=1.1 
A/A* T/T, 

oo 1.000E+00 
5.991E+01 1.000E+00 
2.996E+01 1.000Е+00 
1.998Е-01 1.000Е+00 
1.499Е--01 9.999Е-01 
1.200E+01 9,999E-01 
1.000E+01 9.998E-01 
8.581E-00 9.998E-01 
7.514E+00 9.997E-01 
6.685E+00 9.996Е-01 
6.023E+00 9.995E-01 
4.042E+00 9.989Е-01 
3.059E+00 9.980Е-01 
2.476E+00 9.969E-01 
2.093E+00 9.955E-01 
1.825E+00 9.939E-01 
1.629E+00 9.921E-01 
1.480E+00 9.900E-01 
1.36SE+00 9.877Е-01 
1.204E+00 9.823E-01 
1.104E+00 9.761E-01 
1.042E+00 9.690Е-01 
1.010E+00 — 9.611E-01 
1.000E-00 9.524E-01 
1.009E+00 9.430Е-01 
1.036Е-00 9.328E-01 
1.080E+00 9.221Е-01 
1.142E+00 9.107E-01 
1.223E+00 8.989Е-01 
1.326E+00 8.865E-01 
1.454E+00 8.737Е-01 
1.610Е+00 8.606Е-01 
1.801E+00 8471Е-014 


Р/ро 


1.000Е+00 
9.999Е-01 
9.998E-01 
9.995Е-01 
9.991Е-01 
9.986E-01 
9,980E-01 
9.973E-01 
9,965E-01 
9.956E-01 


9.945E-01 
9.877Е-01 
9,783E-01 
9.66ЗЕ-01 
9.518E-01 
9.350E-01 
9.161E-01 
8.951E-01 


8. 723E-01 
8.218E-01 
7.662E-01 
7.072Е-01 
6.462Е-01 


5.847E-01 
5.241Е-01 
4.654Е-01 
4.097Е-01 
3.576Е-01 
3.095Е-01 
2.658Е-01 
2.266E-01 
1.917E-01 
1.612E-01 
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р/ро 


1.000Е+00 
1.000Е+00 
9.998E-01 
9.996E-01 
9.992Е-01 
9.988Е-01 
9.982E-01 
9.976E-01 
9,968E-01 
9.960E-01 


9.950E-01 
9.888E-01 
9.802E-01 
9,693E-01 
9.561Е-01 
9.408Е-01 
9.234E-01 
9.042E-01 


8.832E-01 
8.366E-01 
7.850E-01 
7.298Е-01 
6.723E-01 


6.139E-01 
5.558E-01 
4.989E-01 
4.443E-01 
3.926E-01 
3.443E-01 
2.999Е-01 
2.593E-01 
2.228E-01 
1.903E-01 
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Table 3.1. (continued) Isentropic Flow Functions 
k=1.1 

M M* - v*jv A/A* TIT, P/Po р/ро 
2.00 1.871E+00 2.032Е+00 8.333Е-01 1.346Е-01 1.615Е-01 
2.10 1.948E+00 2.312Е-00 8.193Е-01 1.117Е-01 1.363E-01 
2.20 2.023E+00 2.651E+00 8.052E-01 9.219E-02 1.145E-01 
2.30 2.096E+00 3.061E+00 7.908E-01 7. 566E-02 9,568Е-02 
2.40 2.167E+00 3.560E+00 7.764E-01 6.179Е-02 7.959Е-02 
2.50 2.236E+00 4.165E+00 7.619Е-01 5.022Е-02 6.592E-02 
2.60 2.303E+00 4.901E+00 7.474E-01 4.064E-02 5.438E-02 
2.70 2.368E+00 5.799Е+00 7.329E-01 3.276E-02 4.470Е-02. 
2.80 2.432E-00 6.896E+00 7.184Е-01 2.630E-02 3.661Е-02 
2.90 2.493E+00 8.237E+00 7.040Е-01 2.104E-02 2.989E-02 
3.00 2,553E+00 9.880Е-00 6.897Е-01 1.679E-02 2.434Е-02 
3.10 2.611Е+00 1.190E+01 6.754Е-01 1.335Е-02 1.977Е-02 
3.20 2.667E+00 1.438E+01 6.614E-01 1.059E-02 1.601E-02 
3.30 2.721E+00 1.743Е+01 6.475E-01 8.382Е-03 1.295E-02 
3.40 2.773E+00 2.119E+01 6.337Е-01 6.619E-03 1.045E-02 
3.50 2.824E+00 2.583E+01 6.202E-01 5.218Е-03 8.414Е-03 
3.60 2.874E-00 3.157Е+01 6.068E-01 4. 106E-03 6.767E-03 
3.70 2.921E+00 3.866E+01 5.936Е-01 3.227Е-03 5.436Е-03 
3.80 2.967E+00 4.743E+01 5.807Е-01 2.533E-03 4.362Е-03 
3.90 3.012Е+00 5.829E+0! 5.680Е-01 1.986E-03 3.497Е-03 
4.00 3.055Е+00 7.175Е+01 5.556Е-01 1.556E-03 2.801E-03 
4.50 3.250E-00 2.058E+02 4.969E-01 4.559Е-04 9.176Е-04 
5.00 3.416E+00 5.977E+02 4.444E-01 1.337Е-04 3.007Е-04 
5.50 3.556E+00 1.731Е+03 3.980Е-01 3.970Е-05 9.976Е-05 
6.00 3.674Е-00 4.949Е+03 3.571Е-01 1.206Е-05 3.376Е-05 
6.50 3.775Е+00 1.388Е-04 3,213E-01 3.765E-06 1.172E-05 
7.00 3.862E-00 3.798E+04 2.899Е-0І 1.213Е-06 4.186Е-06 
7.50 3.936E+00 1.012E+05 2.623Е-01 4.043E-07 1.541E-06 
8.00 4.000Е+00 2.621E+05 238]Е-01 1.394E-07 5.855E-07 
9.00 4.104E-00 1.614E+06 1.980E-01 1.836Е-08 9.270Е-08 

10 4.183E+00 8.874E+06 1.667Е-01 2.756E-09 1.654E-08 

20 4.472E+00 2.290E+12  4762E-02 2.855E-15 5.995Е-14 

30 4.532E+00 5.746E+15 2.174E-02 5.125Е-9 2.357E-17 
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0.00 
0.01 


0.05 


1.20 


ввздавЬ 


Mé = v*/y 


0.000E+00 
1.049E-02 
2.098E-02 
3.146E-02 
4.195Е-02 
5.243Е-02 
6.292Е-02 
7.340Е-02. 
8.388E-02 
9.435E-02 


1.048E-01 
1.571Е-01 
2.093E-01 
2.614Е-01 
3.132Е-01 
3.649Е-01 
4.162Е-01 
4.673E-01 


5.180Е-01 
6.183E-01 


TF 170T nM 
f.1UO0L-UVL 


8.134Е-01 
9.079Е-01 


1.000E+00 
1.090E+00 
1.177E+00 
1.261E+00 
1.343E+00 
1.421E+00 
1.497E+00 
1.570E+00 
1.641E+00 
1.708E4-00 


k= 1.2 
A/A* TIT, 

00 1.000E+00 
5.921E«01 1.000E+00 
2.96561E+01 1.000E+00 
1.974E+01 9.999Е-01 
1.481E+01 9.998E-01 
1.186E-01 9.998Е-01 
9.887E+00 9.996Е-01 
8.480E+00 9.995E-01 
7.426E+00 9.994Е-01 
6.607E+00 9.992Е-01 
5.953Е+00 9.990Е-01 
3.996E+00 9.978Е-01 
3.026E+00 9.960Е-01І 
2.451Е+00 9.938Е-01 
2.073Е+00 9.911E-Ol 
1.809E+00 9.879Е-01 
1.615E+00 9.843Е-01 
1.469E+00 9.802E-01 
1.356E+00 9.756Е-01 
1.199E+00 9.653Е-01 
1.100Е+00 9.53ЗЕ-01 
1.041Е+00 9.398Е-01 
1.010Е-00 9.251Е-01 
1.000Е-00 9.091Е-01 
1.009E+00 =8.921E-01 
1.034E+00 8,741Е-01 
1.075E+00 8.554E-01 
1.132E+00 8.361Е-01 
1.205Е+00 8.163Е-01 
1.296E+00 7.962Е-01 
1.407E+00 7.758Е-01 
1.540E+00 — 7.553E-01 
1.697E+00 7.348E-01 


P/Po 


1.000Е+00 
9.999Е-01 
9.998E-01 
9,995E-01 
9,990E-01 
9.985Е-01 
9.978Е-01 
9,971Е-01 
9,962Е-01 
9.952E-01 


9.940E-01 
9.866Е-01 
9.763E-01 
9.633E-01 
9.477Е-01 
9.296E-01 
9.092E-01 
8.867E-01 


8.623Е-01 
8.088E-01 
7,505E-01 
6.892Е-01 
6.267Е-01 


5.645Е-01 
5.039Е-01 
4.461E-01 
3.918E-01 
3.417Е-01 
2.959E-01 
2.547Е-01 
2.180E-01 
1.856Е-01 
1.573E-01 
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р/ро 


1.000E+00 
1.000E+00 
9.998E-01 
9.996E-01 
9.992Е-01 
9.988E-01 
9.982E-01 
9.976E-01 
9.968Е-01 
9.960Е-01 


9.950Е-01 
9.888E-01 
9.802E-01 
9.693E-01 
9.562E-01 
9.409Е-01 
9.237Е-01 
9.046Е-01 


8.839E-01 
8.379Е-01 
7.873E-01 
7.333E-01 
6.774E-01 


6.209E-01 
5.649E-01 
5.104Е-01 
4.581E-01 
4.086E-01 
3.625E-01 
3.199Е-01 
2.810E-0I 
2.458Е-01 
2.141Е-01 
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3.30 


554848 


(continued) 


M* = v*/v 


1.773 E+00 
1.835E+00 
1.894E+00 
1.951E+00 
2.005Е+00 
2.057E+00 
2. 106E+00 
2.154Е+00 
2.199E+00 
2.242E400 


2.283E+00 
2.322E+00 
2.359E+00 
2.395Е+00 
2.429Е+00 
2.461Е+00 
2.492E+00 
2.521E+00 
2.549Е+00 
2.576Е+00 


2.602Е+00 
2.714Е+00 
2.803Е+00 
2.875Е+00 
2.934E+00 
2.982E+00 
3.023 E+00 
3.056E+00 
3.084E+00 
3.129E+00 


3.162Е+00 
3.276E+00 
3.298E+00 


Isentropic Flow Functions 


k=1.2 
АЈА* Т/То 
1.884E+00 7.143E-01 
2.103E+00 6.940Е-01 
2.359E+00 6.739Е-01 
2.660E+00 6.540Е-01 
3.011E+00 6.345Е-01 
3.421E+00 6.154E-01 
3.898E+00 5.967Е-01 
4.455E400 5.784Е-01 
5.103E+00 5.605Е-01 
5.858Е+00 5.432Е-01 
6.735Е+00 5.263Е-01 
7.755E+00 5.099Е-01 
8.940Е+00 4.941Е-01 
1.032Е+01 4.787Е-01 
1.191Е+01 4.638Е-01 
1.376E+01 4.494Е-01 
1.590Е+01 4.355Е-01 
1.838Е+01 4.221Е-01 
2.124Е+01 4.092Е-01 
2.454Е+01 3.967Е-01 
2.836Е+01 3.846Е-01 
5.796Е+01 3.306Е-01 
1.163E+02 2.857Е-01 
2.281Е+02 2.484Е-01 
4,359E+02 2.174Е-01 
8.108Е+02 1.914Е-01 
1.469E+03 1.695Е-01 
2.593Е+03 1.509Е-01 
4.467Е+03 1.351Е-01 
1.238Е+04 1.099Е-01 
3.162Е+04 9.091Е-02 
2.196Е+07 2.439E-02 
1.175Е+09 1.099Е-02 


P/Po 


1.328bE-01 
1.117E-01 
9.363E-02 
7.826E-02 
6.526E-02 
5.43 1E-02 
4.512E-02 
3.743Е-02 
3.102E-02 
2.568E-02 


2.126E-02 
1.758E-02 
1.455Е-02 
1.203E-02 
9.957Е-03 


6.090E-06 
1.761E-06 


5.645E-07 
2.105Е-10 
1.761E-12 
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г/ Го 


1.859E-01 
1.609Е-01 
1.389Е-01 
1.197E-01 
1.029Е-01 
8.825E-02 
7.562Е-02 
6.472Е-02 
5.534Е-02 
4.729Е-02 


4.039Е-02 
3.448E-02 
2.944E-02 
2.514Е-02. 
2.147E-02 
1.834E-02 
1.567E-02 
1.340E-02 
1.147E-02 
9.821Е-03 


8.417Е-03 
3.948Е-03 
1.904E-03 
9.466Е-04 
4.855Е-04 
2.568E-04 
1.399E-04 
7.836Е-05 
4.507Е-05 
1.602Е-05 


6.209E-06 
8.631E-09 
1.602E-10 
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к= 1.3 
M* z v*/v А/АЖ Т/То P/Po р/ро 
0.000E+00 eo 1.000Е+00 1.000E+00 1.000Е+00 
1.072E-02 5.853E+01 1.000E+00 9.999E-01 1.000E+00 
2.145Е-02 2.927E+01 9,999E-01 9.997E-01 9.998E-01 
3.217E-02 1.952Е+01 9.999Е-01 9.994E-01 9.996E-01 
4.289E-02 1.464Е-01 9.998E-01 9.990E-01 9.992E-01 
5.361E-02 1.172E+01 9.996E-01 9.984E-01 9.988E-01 
6.433Е-02 9.774E+00 9.995Е-01 9.977Е-01 9.982Е-01 
7.504Е-02 8.384E+00 9.993Е-01 9.968E-01 9.976E-01 
8.575Е-02 7.342E+00 9.990Е-01 9.959Е-01 9.968E-01 
9,646Е-02 6.533E+00 9.988E-01 9,948Е-01 9.960E-01 
1.072E-01 5.886E+00 9.985E-01 9.935E-01 9.950E-01 
1.606E-01 3.952Е-00 9.966Е-01 9,855Е-01 9.888E-01 
2.138Е-01 2.994E+00 9.940Е-01 9.744Е-01 9.803E-01 
2.668E-01 2.426E+00 9% 907E-01 9.604E-01 9.694E-01 
3.196Е-01 2.054E+00 9.867Е-01 9.435E-01 9.563Е-01 
3.719Е-01 1.793E+00 9.820E-01 9.241Е-01 9.4 ПЕ-01 
4.239Е-01 1.602E+00 9766Е-01 9.023Е-01 9.240Е-01 
4.754E-01 1.459E+00 9,705E-01 $.784E-01 9.051E-01 
5.264Е-01 1.348E+00 9.639Е-01 8.525Е-01 8.845Е-01 
6.267Е-01 1.193Е+00 9.488E-01 7.962Е-01 8.392Е-01 
7.245Е-01 1.097E+00 9315Е-0Оі 7.354Е-01 7.895E-01 
8.195Е-01 1.040E+00 9.124E-0] 6.722E-01 7.367E-01 
9.114E-01 1.009E+00 8.917Е-01 6.084E-01 6.823E-01 
1.00 1.000Е+00 1.000E+00 8.696E-01 5.457E-01 6.276E-01 
1.10 1.085E+00 1.008E+00 8464Е-01 4.854Е-01 5.735Е-01 
1.20 1.167Е+00 1.032E+00 8.224Е-01 4.285Е-01 5.2 1 Е-01 
1.30 1.245E«00 1.070Е-00 7.978E-01 3.757Е-01 4.709Е-01 
1.40 1.320E+00 1.123E+00 7.728E-01 3.273E-01 4.235Е-01 
1.50 1.391E+00 1.189E+00 7.477Е-01 2.836E-01 3.793E-01 
1.60 1.458E+00 1.271Е+00 7.225Е-01 2.446Е-01 3.385Е-01 
1.70 1.523E+00 1.369E+00 6.976Е-01 2.100E-01 3.011Е-01 
1.80 1.583E+00 1.484E+00 6.729E-01 1.797E-01 2.671Е-01 
1.90 1.641E+00 1.618E+00 6.487Е-01 1.533E-01 2.363E-01 
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(continued) 


M = v*/v 


1.696E+00 
1.747E+00 
1.796E+00 
1.842E400 
1.885E+00 
1,926E+00 
1.965Е+00 
2.001Е+00 
2.036E+00 
2.068Е+00 


2.099E--00 
2.128E+00 
2.155E+00 
2.181E+00 
2.205E+00 
2.228E+00 
2.250E+00 
2.271] E-O0 
2.290Е+00 
2.309E+00 


2.635E+00 
2.662E+00 


2.681E+00 
2.746E+00 
2.759E+00 


Isentropic Flow Functions 


k-13 
A/A* Т/То 
1.773E+00 6.250Е-01 
1951ЕҒ00 — 6019E-01 
2.156E+00 5.794Е-01 
2.388Е-00 5.576Е-01 
2.654E+00 5.365Е-01 
2.954E+00 5.161Е-01 
3.295E+00 4.965Е-01 
3.681E+00 4.777E-01 
4.116E+00 4.596Е-01 
4.607E+00 4.422Е-01 
5.160E+00 4.255Е-01 
5.781E+00 4.096Е-01 
6.478E+00 — 3.943E-01 
7.259E«00 3.797Е-01 
8.133E400 3.658Е-01 
9.110Е+00 3.524Е-01 
1.020Е+01 3.397Е-01 
1.142E+01 3.275E-01 
1.277Е+01 3.159E-01 
1.427Е+01 3.047Е-01 
1.594Е-01 2.941Е-01 
2.739E+01 2.477Е-01 
4.596E+01 — 2.105E-01 
7.522Е+01 1.806Е-01 
1.201Е+02 1.563E-01 
1.872E«02 . 1.363E-01 
2.853Е+02 1.198Е-01 
4.258Е+02 1.060Е-01 
6.231Е+02 9.434Е-02 
1.266Е+03 7.605Е-02 
2.416Е+03 6.250Е-02 
2.042Е+05 1.639Е-02 
2.943Е+06 7.353Е-03 


P/Po 


1.305Е-01 
1.108E-01 
9.393E-02 
7.955E-02 
6.73 1B-02 
5.692E-02 
4.813E-02 
4.070E-02 
3.442E-02 
2.913E-02 


2.466E-02 
2.090E-02 
1.773E-02 
1.506E-02 
1.280E-02 
1.090E-02 
9.288E-03 
7,929E-03 
6.778E-03 
5.803E-03 


4.977E-03 
2.363E-03 
1.169E-03 
6.011E-04 
3.210E-04 
1.775E-04 
1.014E-04 
5.965E-05 
3.606E-05 
1.417E-05 


6.055E-06 
1.835E-08 
5.684E-10 


Chapter 3 


pipo 


2.087E-01 
1.841E-01 
1.621E-01 
1.427E-01 
1.255E-01 
1.103E-01 
9.693E-02 
8.520E-02 
7.490E-02 
6.587Е-02 


5.796Е-02 
5.103Е-02 
4.496E-02 
3.965E-02 
3.499E-02 
3.092E-02 
2.734E-02 
2.42 1E-02 
2. 146E-02 
1.904E-02 


1.692E-02 
9.542Е-03 
5.551Е-03 
3.329Е-03 
2.055Е-03 
1.303E-03 
8.467E-04 
5.630E-04 
3.822E-04 
1.863E-04 


9.689E-05 
1.119E-06 
7.730Е-08 
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k=1.4 
M М%-у%/у AlA* TTo P/Po р/ро 
0.00 0.000E+00 oo 1.000E+00 1.000E+00 1.000Е+00 
0.01 1.095Е-02 5.787Е+01 1.000E+00 9.995Е-01 1.000Е+00 
0.02 2.191Е-02 2.894Е-01 9.999Е-01 9.997Е-01 9.998Е-01 
0.03 3.286E-02 1.930E+01 9.998E-01 9.904Е-01 9 996Е-01 
0.04 4.381E-02 1.448E+01 9.997E-01 9.989E-01 9.992E-01 
0.05 5.476E-02 1.159E+01 9.995E-01 9.983Е-01 9.988E-01 
0.06 6.570Е-02 9.666E+00 9.993Е-01 9.975Е-01 9.982E-01 
0.07 7.664E-02 8.292E+00 9,990E-01 9.966E-01 9.976E-01 
0.08 8.758E-02 7.262Е+00 9.987E-01 9,955E-01 9,968E-01 
0.09 9.851Е-02 6461E+00 9.984E-01 9.944E-01 9.960E-01 
0.10 1.094E-01 5.822E+00 9.980E-01 9.930Е-01 9.950Е-01 
0.15 1.639Е-01 3.910E+00 9.955Е- 01 9.844Е-01 9.888E-01 
0.20 2.182E-01 2.964E+00 9.921E-01 9.725E-01 9.803E-01 
0.25 2.722E-01 2.403E+00 9.877Е-01 9.575E-01 9.694E-01 
0.30 3.257Е-01 2.035E+00 9.823Е-01 9,395Е-01 9.564E-01 
0.35 3.788E-01 1.778Е+00 9.761Е-01 9.188Е-01 9.413E-01 
0.40 4.31ЗЕ-01 1.590E+00 9.690Е-01 8.956E-01 9.243E-01 
0.45 4.833Е-01 1.449Е+00 9.611Е-01 8.703Е-01 9.055E-01 
0.50 5.345Е-01 1.340E+00 9.524Е-01 8.430E-01 8.852Е-01 
0.60 6.348Е-01 1.188E+00 9.328E-01 7.840E-01 8.405Е-01 
0.70 7.318E-01 1.094E+00 9.107Е-01 7.209E-01 7.916E-01 
0.80 &.251E-01 1.038E+00 8.865Е-01 6.560E-01 7.400Е-01 
0.90 9.146E-01 1.009E+00 8.606Е-01 5.913E-01 6.870E-01 
1.00 1.000Е+00  1.000E-00 8,333E-01 5.283E-01 6.339E-01 
1.10 1.081E+00 1.008Е-00 8.052Е-01 4.684E-01 5.817Е-01 
1.20 1.158E+00 1.030E+00 7.764E-01 4.124E-O1 5311Е-01 
1.30 1.231E+00 1.066E+00 7.474E-01 3.609Е-01 4.829Е-01 
1.40 1.300Е-00 1.115E+00 7.184E-01 3.142E-01 4.374Е-01 
1.50 1.365Е+00 1.176E+00 6.897Е-01 2.724E-01 3.950Е-01 
1.60 1.425E+00 1.250E+00 6.614E-01 2.353E-01 3.557Е-01 
1.70 1.482E+00 1.338E+00 6.337E-01 2.026E-01 3.197E-01 
1.80 1.536E+00 1.439E+00 6.068Е-01 1.740E-01 2.868Е-01 
1.90 1.586E+00 1.555E+00 5.807E-01 1.492E-01 2.570Е-01 
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2.00 
2.10 
2.20 
2.30 


2.70 


(continued) 


M¥ = v*/v 


1.633E+00 
1.677E+00 
1.718E+00 
1.756E+00 
1.792E+00 
1.826E+00 
1.857E+00 
1.887E+00 
1.914E+00 
1,940E+00 


1.964E+00 
1.987E+00 
2.008E+00 
2.028E+00 
2.047E+00 
2.064E+00 
2.081E+00 
2.096E+00 
2.111E«00 
2.125Е+00 


2.138Е+00 


2.194Е+00 ` 


2.236E+00 
2.269E+00 
2,295E+00 
2.316E+00 
2.333 E+00 
2.347Е+00 
2.359E+00 
2.377E+00 


2.390E+00 
2.434E+00 
2.443E+00 


Isentropic Flow Functions 


k 
A/A* 


1.688E+00 
1.837E+00 
2.005Е+00 
2.193Е+00 
2.403E+00 
2.637E+00 
2.896E+00 
3.183E+00 
3.500E4-00 
3.850E+00 


4.235E+00 
4.657E+00 
5.121E+00 
5.629E+00 
6.184E+00 
6.790E+00 
7.450E+00 
8. 169E+00 
8.951 E+00 
9.799Е+00 


1.072Е+01 
1.656E+01 
2.500E+01 
3.687E+01 
5.318E+01 
7.513E+01 
1.041E+02 
1.418E+02 
1.901E+02 
3.272E+02 


5.359E+02 
1.538Е+04 
1.144E+05 


1.4 


T/T, 


5.556E-01 
5.313E-01 
5.081Е-01 
4.859Е-01 
4.647E-01 
4.444E-01 
4.252bE-01 
4.068Е-01 
3.894Е-01 
3.729Е-01 


3.571Е-01 
3.422Е-01 
3.281Е-01 
3.147Е-01 
3.019E-01 
2.899E-01 
2.784E-01 
2.675Е-01 
2.572Е-01 
2.474Е-01 


2.381Е-01 
1.980Е-01 
1.667Е-01 
1.418Е-01 
1.220Е-01 
1.058E-01 
9.259Е-02. 
8.163E-02 
7.246E-02 
5.814E-02 


4.762Е-02 
1.235Е-02 
5.525Е-03 


P/Po 


1.278E-01 
1.094E-01 
9.352Е-02 
7.997Е-02 
6.840E-02 
5.853E-02 
5.012Е-02 
4.295Е-02 
3.685E-02 
3.165E-02 


2.722E-02 
2.345E-02 
2.023E-02 
1.748E-02 
1.512b-02 
1.3 ПЕ-02 
1.138E-02 
9,903E-03 


. &629E-03 


7.532E-03 


6.586Е-03 
3.455E-03 
1.890E-08 
1.075E-08 
6.334E-04 
3.855E-04 
2.416E-04 
1.554E-04 
1.024Е-04 
4.739E-05 


2.356E-05 
2.091E-07 
1.254E-08 
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р/ро 


2.300Е-01 
2.058E-01 
1.841E-01 
1.646E-01 
1.472E-01 
1.317E-01 
1.179Е-01 
1.056E-01 
9.463E-02 
8.489E-02 


7.623E-02 
6.852E-02 
6.165E-02 
5.554E-02 
5.009Е-02 
4.523E-02 
4.089E-02 
3.702E-02 
3.355E-02 
3.044E-02 


2.766Е-02 
1.745E-02 
1.134Е-02 
7.578Е-03 
5.194Е-03 
3.643E-03 
2.609E-03 
1.904E-03 
1.414E-03 
8.150E-04 


4.948E-04 
1.694E-05 
2.269E-06 


SEHBRABBBSE 


М* = уж/ұ 


0.000E+00 
1.118Е-02 
2.236Е-02 
3.354Е-02 
4.471Е-02 
5.588E-02 
6.705E-02 
7.821E-02 
8.937E-02 
1.005Е-01 


1.117E-01 
1.672E-01 
2.225E-01 
2.774E-01 
3.317E-01 
3.855E-01 
4.385E-01 
4.908Е-01 


5.423Е-01 
6.425Е-01 
7.387Е-01 
8.305Е-01 
9.176E-01 


1.000E4-00 
1.078E+00 
1.150Е+00 
1.219Е+00 
1.282Е+00 
1.342Е+00 
1.397Е+00 
1.448Е+00 
1.496Е--00 
1.540Е+00 
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АЈА* 


ос 


5.725Е+01 
2.863Е+01 
1.909E+01 
1.433E+01 
1.147E+01 
9.562E+00 
8.203E+00 
7.184Е+00 
6.393Е+00 


5.760Е+00 
3.870E+00 
2.934E+00 
2.380E+00 
2.017E+00 
1.764E+00 
1.579Е+00 
1.439E+00 


1.332Е+00 
1.183E+00 
1. OS2E+600 
1.037E+00 
1.009E+00 


1.000E+00 
1.008E+00 
1.029E+00 
1.063E+00 
1.108E+00 
1.165E+00 
1.232E+00 
1.311E+00 
1.402Е+00 
1.504Е+00 


1.5 


TTo 


1.000E+00 
1.000E+00 
9.999Е-01 
9.998E-01 
9.996E-01 
9.994E-01 
9.991E-01 
9.988E-01 
9.984E-01 
9.980E-01 


9.975E-01 
9.944Е-01 
9.90] E-0I 
9.846Е-01 
9.780Е-01 
9.703E-01 
9.615E-01 
9.518E-01 


9.412E-01 
9.174E-01 
8.909E-01 
8.621Е-01 
8.316Е-01 


8.000E-01 
7.678E-01 
7.353E-01 
7.030Е-01 
6.711E-01 
6.400E-01 
6.098E-01 
5.806E-01 
5.525E-01 
5,256Е-01 


P/Po 


1.000E+00 
9,999Е-01 
9.997E-01 
9.993E-01 
9.988E-01 
9.981Е-01 
9.973E-01 
9.963E-01 
9.952E-01 
9.939E-01 


9.925E-01 
9.833E-01 
9.706Е-01 
9.546Е-01 
9.354E-01 
9.135E-01 
8.890E-01 
8.623E-01 


8.337E-01 
7.722Е-01 
7.070Е-01 
6.407Е-01 
5.751Е-01 


5.120Е-01 
4.526E-01 
3.975E-01 
3.474E-01 
3.023E-01 
2.621E-01 
2.267Е-01 
1.957Е-01 
1.686E-01 
1.452Е-01 
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pipo 


1.000E+00 
1.000E+00 
9.998E-01 
9.996Е-01 
9.992Е-01 
9.988E-01 
9.982E-01 
9.976E-01 
9.968Е-01 
9.960Е-01 


9.950E-01 
9.888E-01 
9.803E-01 
9.695E-01 
9.565E-01 
9.415E-01 
9.246E-01 
9.060E-01 


8.858E-01 
8.417Е-01 
7.936Е-01 
7.432Е-01 
6.916E-01 


6.400E-01 
5.894Е-01 
5.407Е-01 
4.942Е-01 
4.504E-01 
4.096E-01 
3.718E-01 
3.370E-01 
3.052E-01 
2.763E-01 


84 Chapter 3 








Table 3.1 (continued) Isentropic Flow Functions 
k=1.5 

M M* - v*iv А/А* T/T, P/Po p/po 
2.00 1.581E+00 1.619E+00 5.ОООЕ-01 1.250E-01 2.500E-01 
2.10 1.619E+00 1.747E+00 4.756E-01 1.076E-01 2.262E-01 
2.20 1.655E+00 1.889E+00 4.525E-01 9.265Е-02 2.047Е-01 
2.30 1.687E+00 2.046E+00 4.306E-01 7.982E-02 1.854E-01 
2.40 1.718E+00 2.218E+00 4.098E-01 6.884E-02 1.680E-01 
2.50 1.746E+00 2.407E+00 3.902E-01 5.943E-02 1.523E-01 
2.60 1.772E+00 2.613E+00 3.717E-01 5,137Е-02 1.382Е-01 
2.70 1.797E+00 2.838E+00 3.543E-01 4.447E-02 1.255E-01 
2.80 1.820Е-00 3.082E+00 3.378E-01 3.856E-02 1.141E-01 
2.90 1.841E+00 3.347E+00 3.223E-01 3.349E-02 1.039E-01 
3.00 1.861E+00 3.633E+00 3.077E-01 2.913E-02 9.467E-02 
3.10 1.879Е-00 3.043Е-00 2.939Е-01 2.539Е-02 8.638E-02 
3.20 1.896E+00 4.278E+00 2.809E-01 2.216Е-02 7.890E-02 
3.30 1.912E+00 4.638Е-00 2.686Е-01 1.939E-02 7.217Е-02 
3.40 1.927E+00 5.025E+00 2.571Е-01 1.699E-02 6.608E-02 
3.50 1.941E+00 5.441E+00 2.462E-01 1.491E-02 6.059E-02 
3.60 1.955E+00 5.886E+00 2.358E-01 1.312E-02 5.562E-02 
3.70 1.967E+00 6.363E+00 2.261E-01 1.156E-02 5.113E-02 
3.80 1.979E+00 6.874E+00 2.169Е-01 1.021E-02 4.705Е-02 
3,90 1.990E+00 7.419E+00 2.082E-01 9.028E-03 4.336E-02 
4.00 2.000E+00 8.000E+00 2.000Е-01 8.000E-03 4.000E-02 
4.50 2.043E+00 = 1.151E+01 1.649E-01 4.488E-03 2.721E-02 
5.00 2.076E+00 1.620Е+01 1.379E-01 2.624E-03 1,902E-02 
5.50 2.101Е+00 2.233E+01 1.168E-01 1.593E-03 1.364E-02 
6.00 2.121Е+00 3.017E+01 1.000Е-01 1.000E-03 1.000Е-02 
6.50 2.137Е-00 4.004Е+01 8.649Е-02 6.469Е-04 7.480Е-03 
7.00 2.150Е+00 5.226Е+01 7.547Е-02 4.299Е-04 5.696Е-03 
7.50 2.161Е+00 6.721E+01 6.639E-02 2.926E-04 4 408E-03 
8.00 2.169E+00 8.526E+01 5.882E-02 2.035Е-04 3.460Е-03 
9.00 2.183E+00 1.324E+02 4.706E-02 1.042E-04 2.215E-03 

10 2. 193E+00 1.973E+02 3.846E-02 5.690E-05 1.479E-03 

20 2.225E+00 2.934E+03 9.901E-03 9.706Е-07 9.803E-05 

30 2.231Е+00 1.465E+04 4.425Е-03 8.663E-08 1.958E-05 


Equations of Fluid Motion 


0.05 


p pat pmt ee 
55484858858 


M* = v*/v 


0.000E+00 
1.155Е-02 
2.309E-02 
3.464Е-02 
4.618E-02 
5.771Е-02 
6.924Е-02 
8.076E-02 
9.228Е-02 
1.038E-01 


1.153E-01 
1.726Е-01 
2.294Е-01 
2.857Е-01 
3.41ЗЕ-01 
3.961E-01 
4.500Е-01 
5.029Е-01 


5.547Е-01 
6.547Е-01 
7.494Е-01 
8.386E-01 
9.222Е-01 


1.000E+00 
1.072E+00 
1.139E+00 
1.201E+00 
1.257E4-00 
1.309E+00 
1.357E+00 
1.401E+00 
1.441E+00 
1.478E+00 


k= 5/3 
A/A* TIT, 

eo 1.000Е--00 
5.625Е-01 1.000Е+00 
2.813Е+01 9.999E-01 
1.876E+01 9.997E-01 
1.408E+01 9.995E-01 
1.127Е+01 9.992Е-01 
0.398E+00 9.988Е-01 
8.062E+00 9.984E-01 
7.061E+00 9.979Е-01 
6.284E+00 9.973E-01 
5.663E4+00 9.967Е-01 
3.806E400 9.926Е-01 
2.888E+00 9.868Е-01 
2.345E+00 9,796E-01 
1.989E+00 9.709E-01 
1.741E+00 9.608E-01 
1.560E+00 9.494Е-01 
1.424E+00 9,368E-01 
1.320E+00 9,231E-0l 
1.176E+00 8.929E-01 
1.088E+00 8.596Е-01 
1.035E+00 8.242E-01 
1.008E+00 7.874E-01 
1.000E+00 7.500Е-01 
1.007E400 7.126E-01 
1.027E+00 6.757E-01 
1.058E+00 6.397Е-01 
1.098E+00 6.048E-01 
1.148E+00 5.714Е-01 
1.208E+00 5.396Е-0І 
1.275E+00 5.093Е-01 
1.352E+00 4.808Е-01 
1.437E+00 4.539Е-01 


P/Po 


1.000Е+00 
9.999E-01 
9.997E-01 
9.993E-01 
9.987Е-01 
9.979Е-01 
9.970E-01 
9.959Е-01 
9.947Е-01 
9,933E-01 


9.917Е-01 
9.815E-01 
9.674Е-01 
9.498Е-01 
9.288Е-01 
9.048Е-01 
8.782Е-01 
8.493Е-01 


8.186Е-01 
7.533E-01 
6.851E-01 
6.167E-01 
5.502E-01 


4.871E-01 
4.286E-01 
3.753E-01 
3.272Е-01 
2.845Е-01 
2.468Е-01 
2.139Е-01 
1.851E-01 
1.603E-01 
1.388Е-01 
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pipo 


1,000E+00 
1.000E+00 
9.998Е-01 
9.996E-01 
9.992Е-01 
9.988E-01 
9.982E-01 
9.976Е-01 
9.968E-01 
9.960E-01 


9.950E-01 
9.889E-01 
9.803Е-01 
9.695Е-01 
9.566Е-01 
9.417Е-01 
9.250Е-01 
9.067Е-01 


8.869E-01 
8.437E-01 
7.970E-01 
7.482Е-01 
6.987Е-01 


6.495Е-01 
6.015Е-01 
5.554Е-01 
5.116Е-01 
4.704Е-01 
4.320Е-01 
3.963E-01 
3.635E-01 
3.334Е-01 
3.058Е-01 
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Table 3.1 (continued) Isentropic Flow Functions 
k = 5/3 

M M* - v*/v A/A* Т/То P/Po р/ро 
2.00 1.512Е-00 1.531Е+00 4.286Е-0і 1.202Е-01 2.806Е-01 
2.10 1.543E+00 1.634E+00 4.049Е-01 1.043E-01 2,576Е-01 
2.20 1.571Е+00 1.746Е-00 3.827E-01 9.058Е-02 2.367E-01 
2.30 1.598E+00 1.868E+00 3.619E-01 7.878E-02 2.177E-01 
2.40 1.622E+00 1.998E+00 3.425E-01 6.863E-02 2.004E-01 
2.50 1.644Е-00 2.139E+00 3.243E-01 5.990Е-02 1.847Е-01 
2.60 1.664E-00 2.290Е 00 3.074E-01 5.238Е-02 1.704Е-01 
2.70 1.683Е+00 2.451Е+00 2.915Е-01 4.589Е-02 1.574Е-01 
2.80 1.701Е+00 2.623Е-00 2.768Е-01 4.029E-02 1.456E-01 
2.90 1.717Е-00 2.806E+00 2.629E-01 3.545E-02 1.348E-01 
3.00 1.732E+00 3.000E+00 2.500E-01 3.125E-02 1.250E-01 
3.10 1.746E+00 3.206E+00 2.379E-01 2.761E-02 1.160Е-01 
3.20 1.759E+00 3.424E+00 2.266E-01 2.444Е-02 1.079Е-01 
3.30 1.771Е+00 3.654E+00 2.160E-01 2. 168E-02 1.004E-01 
3.40 1.782E+00 3.897E+00 2.060E-01 1.927E-02 9.353E-02 
3.50 1.793E+00 4.153Е+00 1.967E-01 1.716E-02 8.725Е-02 
3.60 1.802Е-00 4.422Е+00 1.880E-01 1.532bE-02 8.150E-02 
3.70 1.811E+00 4,705E+00 1.797E-01 1.370Е-02 7.621Е-02 
3.80 1.820Е-00 5.003Е+00 1.720Е-01 1.227Е-02 7.134E-02 
3.90 1.828E+00 5.314E+00 1.647E-01 1.102E-02 6.687E-02 
4.00 1.835E+00 5.641Е+00 1.579E-01 9.906E-03 6.274E-02 
4.50 1.867E+00 7.508Е+00 1.290Е-01 5.98 1Е-03 4.635Е-02 
5.00 1.890Е+00 9.800E+00 1.071Е-01 3.758E-03 3.507E-02 
5.50 1.908E+00 1.256Е+01 9.023E-02 2.445E-03 2.7 \OE-02 
6.00 1.922E+00 1.584E+01 7.692E-02 1.641E-03 2.133E-02 
6.50 1.933E+00 1.969E+01 6.630E-02 1.132E-03 1.707E-02 
7.00 1.941Е+00 2.414E+01 5.769E-02 7.995Е-04 1.386Е-02 
7.50 1.949E+00 2.925Е-01 5.063E-02 5.769Е-04 1.139E-02 
8.00 1.955E+00 3.507Е+01 4.478E-02 4.242Е-04 9.475Е-03 
9.00 1.964E+00 4.900Е+01 3.571Е-02 2.410Е-04 6.749Е-03 

10 1.971Е+00 6.631Е+01 2.913Е-02 1.448Е-04 4.971E-03 

20 1.993Е-00 5.075E+02 7.444Е-03 4.781Е-06 6.423E-04 

30 1.997Е-00 1.699E+03 3.322Е-03 6.362E-07 1.915Е-04 
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should be used. If one of the temperatures is not known, use the & value for 
the known temperature, and check for variation after the other is computed. 


Adiabatic Expansion Factor Y 


The adiabatic expansion factor, Y, is the ratio of the mass flow rate of a 
compressible fluid to that of an incompressible fluid under the same condi- 
tions. This factor is important in the flow of compressible fluids in some 
metering devices, such as the flow nozzle and the Venturi meter. For appli- 
cations of this factor, refer to Chapter 6. 

Consider conditions at the nozzle inlet section | of Figure 3.11. At this 
section both the area 4, and the velocity v, are finite. Equation (3.97) can be 
written in terms of the kinetic energy change between sections | and 2 as 
follows: 

i0 ep АКТ Тз) 


= = 3.110 
29g, 2g, k—l 





Combining the continuity equation with the isentropic pressure relations 
derived in Chapter | results in the following: 


А» BY" 
ора [= (3.111) 
(TE 


Substituting for e; from equation (3.111) in equation (3.110) and solving for 
в» results in the following: 


GO (4 ? в) RK(T, — Ty) 
2g. 20,144) Т B k—1 


2e k RT. — T;/ Ti) 
(k — DIE — C45/ 41 (Qo /piY ^^] 





(3.112) 








Tw 


г----------------- 
Supply Tank ! Receiving Tank 
4 І ГБ 
; 2 





Figure 3.11 Notation for convergent nozzle study. 
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Substituting the value of v, from equation (3.112) in the equation of con- 
tinuity and noting from the equation of state (1.37) that. RT, — p,v, results 
in the following: 


A 4 ( 2g.kp u |l — (T. / T. )| 











(3.113) 


т = 


u> (k — D[] — (43/ AY (ps /p Y ^s 


From equation (1.41) v/v — (pj/p;)" and from equation (1.40) 
T,/T, — (ps/py) ^, Substituting these relations in equation (3.113) yields 
the following: 


(a) (Dr) im ele) 3114) 
(= D y [= (A/A Fy] E 
Figure 3.12 shows a plot of mass flow rate vs. pressure ratio for a con- 
vergent nozzle. As the pressure ratio p»/p, is decreased, the mass flow rate 
from equation (3.114) increases until the pressure ratio p5/p, is attained. 
The other mathematical solution of equation (3.114) 1s shown as a dotted 


line. The maximum flow rate is given by equation (3.113) and is known as 
choked flow. 
















m* 


Mass FLow Rate Т 





ʻa = с э °. = = шр аз 


о pa "fp 1 


Pressure ratio p./p, 


Figure 3.12 Mass flow rate vs. pressure ratio for a convergent nozzle. 
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Dilferentiating equation (3.114) with respect to ps/p, and setting 
dm/d(pr/p,) = 0 yields the following: 


5 


ШЕТ! , э, кү? 
p 22 My (£y кеі 
6C) AE -S ШЕ 


For the special case of 45/4, — 0, equation (3.115) reduces to the following: 


ж ж КДА 1) 
р (2 for 42 =0 (3.116) 
Po Py k | А, 





When an incompressible fluid flows without friction through a horizontal 
nozzle, the mass flow rate, m, may be obtained by writing the Bernoulli 
equation (3.23) for a horizontal passage as follows: 
2 2 

U^ vy 

— ——= u — Р 3.117 
3/7 26 1001 2) ( ) 
From the continuity equation (3.6) m = vj Aj /v, — t»Asvs . Since for 
incompressible flow v,=v,, the incompressible mass flow is m= 
гү Агу = Av. Substituting these expressions in equation (3.117) results 
in the following: 


(ту) -(та/ А 


2g, = vi(pi — p») 


which reduces to: 


2g (pi — pa 
jim AS [RAP P (3.118) 
vill (42/41) 
The adiabatic expansion factor, Y, is defined as follows: 
m mass flow rate of a compressible fluid (3.119) 


Е m, mass flow rate of an incompressible fluid 
Substituting equation (3.114) for m and equation (3.118) for m, in equation 
(3.119) and simplifying results in the following: 

т үп - (p./pi^- ^Y — C457 AY] 

(= ПС ролро — (A3 A (3 /pi)^*] 


(Hp — 
Values of the adiabatic expansion factor Y are given in Table 3.2. In this 
table. the diameter ratio (B) is used, which is defined as follows: 


D 4. (Di ` (Ay 
B= p: p= (3) =(2) (3.121) 











(3.120) 
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Table 3.2 Adiabatic Expansion Factor Y 


Adiabatic Expansion Factor Y 
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Adiabatic Expansion Factor Y 


о 


asBsBsE[ne5ssBSE 


SessBsE 


1. 
1 
1 
1 
1 
І 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
l 
1. 
1 
i 
1 
I 
1 
1 
I 
1 
1 
1 
1 


6988858 
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Table 3.2. (continued) Adiabatic Expansion Factor Y 


Adiabatic Expansion Factor Y 
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The use of the expansion factor from Table 3.2 facilitates computation. An 
expression for compressible flow may be obtained by substituting equation 
(3.118) for m,; in equation (3.119) and solving for i, resulting in the follow- 
ing: 


2 — p be (p, —p) 
т = ҮА, 2807 Р) _ ЖЕ 2840 - P) (3.122) 
vill — (42/41) ] vd -= p°) 


Convergent-Divergent Nozzles 

Area Pressure Relations 

The mass flow rate through any section of the convergent-divergent 
nozzle shown in Figure 3.13 may be determined by modifying equation 
(3.114) for stagnation conditions (4y = A,. Ay — Ac, A, / Ao, 0. and p, — po. 


„ү =, бу = OY): 


26, 2 рук 
№ == Т E | (2) (рро = (раро ^] (3.123) 
` — ) Uy 








The area pressure relations may be established by squaring equation 
(3.123) and equating for sections 2 and 3 as follows: 


т — ASDg. K/k — D)Go/eoXps/poY "l1 — p/p] ^ 
nr AS[2g (k /K = (рото) зро) — (pa/po)| А 


which reduces to 
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Figure 3.13 Notation for convergent-divergent nozzle study. 
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Ay _ (p: /paY ` — (a/poy 7 (3.124) 
Ay (ра /poY ^ — (pi /po ers . 


If the velocity in the throat is sonic, then from equation (3.103) the 
following can be written: 


р» * > КДЕ) 
РР. and 4-4 (3.125) 
Po A+ | 





Substituting equation (3.103) in equation (3.124) yields the following: 


А” (pi/po ^ — (ps/po)^ * ^ 











Note that equation (3.126) has two solutions, one for isentropic compres- 
sion (subsonic flow) and the other for isentropic expansion (supersonic 
flow). 


Flow Through a Convergent-Divergent Nozzle 


K'esculep oth AM GERD sda ays 14 The supph ta pres- 
C onsiaer ine arrangement snown in F igure 3. mt. іше supp ty а K pi CoS 


sure py is maintained constant and the receiving tank pressure pg, may be 
lowered from pọ to zero. As soon as pog is below py. flow begins. 

Path A represents the flow for any p, higher than pis. Since the flow in 
the throat for path A is subsonic (p-A > p*) the flow throughout the nozzle 
must be subsonic. In the convergent section the process is an isentropic 
expansion; in the divergent section the process is an isentropic compression. 
Path A, for example, represents compressible fow through an ideal Venturi 
meter (Chapter 6). 

Path B represents an isentropic expansion in the convergent portion and 
an isentropic compression in the divergent section after sonic flow in the 
throat. Except for the throat, the flow in both portions of the nozzle is 
subsonic. Pressure py, is the pressure calculated from the subsonic solution 
of equation (3.126). 

Path C represents an isentropic expansion in the both the convergent and 
divergent sections of the nozzle. The (low in the convergent section is sub- 
sonic; in the divergent section it 1s supersonic. Pressure psc 18 the pressure 
calculated from the supersonic solution of equation (3.126). Note that any 
receiving tank pressure (pg4) lower than pic will have no effect on this 
process. 


Equations of Fluid Motion 95 





3 


Ps A 


wee eee se ee = 


ргд> р" 


..........4.. 


„о = = то оъ = = = ож ъъ ® ж 






ы 177 Р, 


Рз С 





тА 
№ 
ж 
eo e 
оз 


Figure 3.14  Pressures in a convergent-divergent nozzlc. 


Path D represents any pressure between pyg and me. The gas expands 
along an isentropic path to the throat and continues along path C until the 
distance x in the divergent portion of the nozzle is reached. At this point a 
shock wave is formed and the pressure (and other properties) essentially 
jump to point y. From point y to the exit path D is one of isentropic 
compression. The flow in the divergent portion is supersonic to point x 
and subsonic from point y. 
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Equation (3.114) or (3.122) may be used to calculate the mass rate of flow 
through the nozzle for path A. For all other paths, equation (3.109) should 
be used. 


Normal Shock Functions 
Compression Shock Wave 


The discussion in this section continues with path D (Figure 3.14). When 
sonic flow exists in the throat and supersonic flow begins in the diverging 
section of a convergent-divergent nozzle. and the cxit pressure p4 is between 
that required for isentropic compression (Path B) pi5 and that for isentropic 
expansion (Path B) pic, à compression shock wave will be formed, This 
wave satisfies the requirements for the conservation of mass and energy. 
This type of wave is associated with large and sudden rises in pressure. 
density. temperature, and entropy. Figure 3.15 shows this phenomenon on 
the T—s plot. The shock wave is so thin that for computation purposes it 
may be considered as a single line, as shown in Figure 3.14. 

Temperature Mach number velocity relations for a normal shock are 
also shown in Figure 3.15. 


Po 


Doa 
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Figure 3.15 Notation for shock wave study. 
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Conservation of Energy 

The formation of a shock wave does not change the total energy of the 
system, so energy relations may be established by writing equation (3.97) in 
terms of temperatures before the shock wave (T,) and after the shock wave 
(T). 


RT, n тү АТ, 0%) 


оер} = уд, 








= Ty (3.127) 


Substituting the value of acoustic velocity from equation (1.59) and that for 
Mach number from equation (3.94), as was done in the development of 
equation (3,98), results in the following: 


2 
| + (сн )м 
Т, - ` 
fy Mat V. (3.128) 


Ty 2 2 
(2) 


Conservation of Mass 


The continuity equation for an ideal gas m= Acp/RT may be written in 
terms of Mach number by noting that the definition of Mach number from 
equation (3.94) is M — v/(kg, R1 T^. Substituting these values into the ideal 
gas continuity equation for before and after the shock wave yields the 
following: 


m vop (Му КТ) _ Mp ЕЗ8 m _ Ag. 
А RT RT B Мір, RT, 


(3.129) 





Solving for M, leads to the following: 


OTT, 
М, = MES = (3.130) 
Py x 


Impulse- Momentum Concept 


The impulse-momentum equation (3.87). when applied to the shock wave 
of Figure 3.14, yields the following: 


А 
jae (p. — u.) (3.87) 
g 


C С 





(p. — р,)А = 
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which reduces to: 


3 
CT 1 
no =p. + Ps (3.131) 


Substituting in this equation the definition of Mach number [equation 
(3.94) М- ufike RT)” and from the equation of state (1.37) p — p/ RT 


results in the following: 





(eeri (2 умет 
 —u py 7 
g, £, 





which reduces to: 


po | KM; 


LIE (3.132) 


Р, | KM; 


Equations (3.128), (3.130), and (3.132) involve threc unknowns, 7, p,, and 
М... апа тау be combined to yield a relationship between M, and M, as 


follows: 
If equation (3.130) is solved for T,/T,, the following results: 


Т, Р, : М, ° (3 133 
T. Np) (М, m 
Equating equation (3.128) and equation (1.33) results in the following: 


1+ (2) 

T, __ (8) (4) + (; 7 ) ` 
T. OJ uJ 2 ; 
X X 1 ] + [ ІШ 


_ Y 


k—l 





Equating equation (3.132) and equation (3.134) yields the following: 


(3.134) 
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2 ) ә 
р M. | (; — |} M. | + kMŠ 
x MS af 1 x 





р, M, 2 > I+ KM; 
| БЕЗІ 


which reduces to: 


| 2 ; 2 ; 
+t (3.135) 


I +k M: ü | KM? 
Equation (3.135) may be arranged in quadratic l'orm and solved directly 
for M;. When this is done. the two solutions are as follows: 
M. — M, 
and 
a 2 
жы 
M. = — —— (3.136) 
O É wi 
k—l1 ` 
The first solution is trivial because the Mach number must decrease after a 
shock wave. Therefore, equation (3.136) represents the physical solution. 
Solving equation (3.136) for M, results in the following: 





| (kK— DMi2 
АМ —К+1 
Temperature ratios are obtained by substituting M; from equation (3.136) in 
equation (3.128): 


> Y 2 ` 
T. Шеше 1+ (<4) 


T. 2 > , 
rs (n 2 |M.+2/(k - l) 
= 1+ 


М, (3.137) 








Lipi! | (3.138) 
k-i 2 2k 2 
Too (К+) > 
2(k — 1) ` 


Pressure ratios are obtained by substituting M; from equation (3.136) in 
equation (3.132): 
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. 1+kM: | KM? 2k k+l 
Pr IFAM ы TERM; LO pm- "E (3.139) 
p, t+kM? / 0 2 \ kl k—1 
о | Му+ 
І +А эр = 
----Мі-1 
k-i ` 


Density ratios may be obtained using the equation of state (1.37): 


Py 


. RT, . 
2008) ыш 
X RT. X 1 


x 





Stagnation pressure ratios may be obtained by first expressing po./po 
in terms of equations (3.100) and (3.139) and substituting for M, from 
equation (3.137): 


5 2 &fik - 1) 
Por (=) (2:)(: =) | k=l Mtr 
Ро Py x Oy 2 2k M? —] 
k—1 ` 
жоо» Ní к-1 y 
———Mi-—--——|MI M; 
“(се ед Та 4*5 
k 
k 


5 k/ik-l _ 
Po _ [(A + 1)/2|My ú ( 2k I ^ A) 
pos M [Kk - D/2M? kal’ ko 


The ratio of the stagnation pressure after the shock wave to the pressure just 
before poy/pox may be obtained following the method just used to obtain 


equation (3.141): 
2 KK —13) 
s jJ (24 м k= | 
t p 4 Т 1 


Pov _ Por X) )-| 
Por 20 = c Nu 1) | A+] 


Py [tl 2. "( 30a m TUM 
p \ 2 ` к+1 кені 


The velocity ratio across a shock wave may be determined from the con- 
tinuity equation (3.6) as follows: 














(3.141) 


— 








шы 


> 
4 





(3.142) 
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m= p,Av, = p,Av, 
ty Ру (3.143) 
T. Dx 


Entropy Increase Across a Normal Shock Wave 


The entropy change of an ideal gas was derived in Section 3.3 by equation 
(3.68). We can write this equation in differential form: 


2% ЯТ v dp 


Is — 
ds T T 


(3.68) 


Substituting from equation (3.75) c, — KR/(K — 1) and from the equation 
of state of an ideal gas (1.37) v/T — R/p in equation (3.68) results in the 
following: 


c df v dp AR X dT R kR ) dT dp 
ds == - = — (— |dp = | —— |) — - Е — 
T T k—1/ T p k--1/ T p 


(3.144) 





Integrating equation (3.144) for constant specific heat ratios between the 
limits of x and y results in the following: 

: T, P, 

KR ("dT  , ("dp 


ds ——- — dÁ 


Ao kad TO Sy P 


AR T. ; 
ус 5 = poi (ғ) — Rlog, (=) 


Equation (3.145) may be expressed in dimensionless form by dividing 
both sides by R and substituting for 7,/7, from equation (3.138) and for 
P./p, from equation (3.139), with the following result: 


k=l 5» 2k ә 

— W. Af. - 1 
Зр у K ( T 2 jJ -1 | ) 
---------іор,1---:------5-5ББҰО--5 


(3.145) 





2-1 ~ Sm 
R | GET ape (3.146) 
иы Ty 
1 БЕА 1 F РА 


= loge (г м- қ) 


Tahulated Vatues of Normal Shock Functions 


As in the case of isentropic flow functions, it has been found useful to 
compute and tabulate certain standard normal shock functions. These func- 
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tions are all dimensionless ratios and are functions of the Mach number, 
M. just upstream of the shock wave. Table 3.3 contains the following 
ratios: 


Function Equation( s) 
M, 3.137 

Py 3.139 

Py 

T. 

— 3.138 

T. 

Aut 3.140, 3.143 
Py с, 

Pov 3.141 

Por 

Pov 3.142 

Py 


In using Table 3.3 it should again be noted. as in Table 3.1, that all data 
are based on the assumption that the gas is ideal and that the molecular 
weight, specific heats, and ratios of specific heats are constant. Table D.2 
gives values of k for ideal gases as a function of temperature. When the 
temperature range 1s known before calculations. the average value of k 
should be used. If one of the temperatures is not known, use the & value 
for the known temperature, and check for variation after the other is 
computed. 


Adiabatic Flow in Constant-Area Ducts with Friction—Fanno 
Line 


The flow of fluids in most industrial and power piping applications may be 
assumed to bc adiabatic. The primary reasons for this assumption are: 


l. The piping lengths are relatively short (and hence heat transfer areas 
small) with respect to large mass flow rates, so the heat transfer is 
negligible. 

2. The pipes are insulated. 


In adiabatic flow with friction, the gas may enter the pipe either with 
subsonic or supersonic velocity, as shown in Figure 3.16. In case (a) the gas 
enters the pipe with a subsonic velocity, The second law of thermodynamics 
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Table 3.3 Normal Shock Functions 


My 


1.000E+00 
9,524Е-01 
9.091E-01 
8.696E-01 
8.333E-01 
8.000E-01 
7.692E-01 
7.407Е-01 
7.14ЗЕ-01 
6.897Е-01 


6.667E-01 
6.250Е-01 
5.882Е-01 
5.556Е-01 
5.263E-01 
5.000Е-01 
4.762Е-01 
4.545Е-01 
4.348E-01 
4.167E-01 


4.000E-01 
3.333E-01 
28576-01 


eet Fe 


2.500Е-01 
2.222Е-01 


2.000Е-01 
1.667Е-01 
1.429Е-01 
1.250E-01 
1.111E-01 


1.000E-01 
5.000E-02 
3333E-02 


рух 


1.000E+00 
1.103Е+00 
1.210Е+00 
1.323E+00 
1.440E+00 
1.563Е+00 
1.690Е+00 
1.823Е+00 
1.960E+00 
2.103Е+00 


2.250Е+00 
2.560Е+00 
2.890Е+00 
3.240Е+00 
3.610Е+00 
4.000E+00 
4.410E+00 
4.840E+00 
5.290E+00 
5.760E+00 


6.250E+00 
§.000E+00 
1.225E+01 


1.600E+01 
2.025Е+01 


2.500Е+01 
3.600E+01 
4.900E+01 
6.400E+01 
8.100E+01 


1.000E+02 
4.000Е+02 
9.000Е+02 


кей 
туту, 


1.000E+00 
1.000E+00 
1.000E+00 
1.000E+00 
1.000Е+00 
1.000E+00 
1.000Е+00 
1.000Е+00 
1.000E+00 
1.000E+00 


1.000E+00 
1.000E+00 
1.000E+00 
1.000Е--00 
1.000E+00 
1.000E+00 
1.000E+00 
1.000E+00 
1.000E 00 
1.000E+00 


1.000Е--00 
1.000E+00 
1 0006.00 


а ЭРА АРУ 


1.000Е+00 
1.000Е+00 


1.000Е+00 
1.000Е+00 
1.000Е+00 
1.000E+00 
1.000Е+00 


1.000Е+00 
1.000Е+00 
1.000Е+00 


pylpx = 
Уху 


1.000Е+00 
1.103Е+00 
1.210Е+00 
1323Е+00 
1.440E+00 
1.563E+00 
1.690E+00 
1.823E+00 
1.960E+00 
2.103Е-00 


2.250Е+00 
2.560Е--00 
2.800E+00 
3.240E+00 
3.610Е--00 
4.000E+00 
4.410E+00 
4.840E+00 
§,.290E+00 
5.760E+00 


6.250Е+00 


9.000Е+00 
12256.01 


m m Ra S 


1.600E+01 
2.025E+01 


2.500Е+01 
3.600Е+01 
4.900Е+01 
6.400E+01 
8.100Е+01 


1.000Е+02 
4.000Е+02 
9.000Е+02 


Ро уо x 


1.000E+00 
9.998E-01 
9.988E-01 
9.964E-01 
9.919E-01 
9.851E-01 
9,759E-01 
9.640E-01 
9.494E-01 
9.321E-01 


9.122E-01 
8.653Е-01 
8.100E-01 
7.482Е-01 
6.820Е-01 
6.134Е-01 
5.446E-01 
4.772Е-01 
4.129Е-01 
3.527Е-01 


2.975Е-01 
1.057Е-01 
2791E 02 


P RA M 


5.538Е-03 
8.316E-04 


9.505Е-05 
5.559Е-07 
1.133E-09 
8.169E-13 
2.100Е-16 


1.938E-20 
5.543Е-85 
3.326Е-193 
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Ро yPx 


1.649E+00 
1.735E+00 
1.829E+00 
1.930E+00 
2.038Е+00 
2.152Е+00 
2.272Е+00 
2.398Е+00 
2.530Е+00 
2.667Е+00 


2.810E+00 
3.112E+00 
3.436E+00 
3.781E+00 
4.146E+00 
4.533E+00 
4.939E+00 
§.367E+00 
5.814E+00 
6.282E+00 


6.771Е+00 
9.514Е+00 
1.276E-01 
1.651E+01 
2.076E+01 


2.551Е+01 
3.650Е+01 
4.950E+01 
6.450Е+01 
8.150Е+01 


1.005Е+02 
4.005Е--02 
9.005Е+02 
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Table 3.3 (continued) Normal Shock Functions 
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k=1.1 
My My рух Ty/Tx PylPx — PoyPox Poy/Px 
Vay 
1.00 1.000Е+00 1 000Е+00 1.000Е+00 1.000Е+00 1.000E 00 1.710E+00 
1.05 9.526E-01 1.107E-00 1.009E+00 1.097E+00 1.003Е+00 1.810Е+00 
1.10 9.099E-01 1.220E-00 1.018E+00 1.198E+00 9.989E-01 1.906E+00 
1.15 8.712Е-01 1.338Е-00 1027-00 1303Е:00 9954Е-01 2.013E+00 
1.20 8.360Е-01 1461E-00 1.0366+00 1410Е-00 9.918Е-01 2.131E«00 
1.25 8.038E-01 1.589E+00 1.044Е+00 1.522Е+00 9874E-01 2.259E+00 
1.30 7.743E-01 17235-00 1.053E+00 1.636Е-00 9.760Е-01 2.382E+00 
1:35 7.471Е-01 1.862E+00 1.061E+00 1.755E+00 9.638E-01 2.516Е+00 
1.40 7.221E-01 2.006E+00 1.070E+00 1.875E+00 9.505E-01 2.658E+00 
1.45 6.989E-01 2.155E+00 — L079E«00 1997Е-00 9358E-01 2.810Е+00 
1.50 6.773E-01 2.3 10E+00 1.088E+00 2.123E+00 9.155Е-01 2.958E+00 
1.60 6.386E-01 2.34Е-00 1.105Е+00 2384Е-00 — 8753E-01 3.293E+00 
1.70 6.048E-01 2.980E+00 1.124E+00 2.651Е+00 8.242E-01 3.637E+00 
1.80 5.750Е-01 3347E-00 1.143E+00 2.9286+00 7.678Е-01 4.004E+00 
1.90 5.487E-01 3.734E-00 1.163Е+00 3.211Е+00 7.055Е-01 4.405Е+00 
2.00 5252E-01 4.143E+00 1.184Е+00 3.499E+00 — 6.480E-01 4.815E+00 
2.10 5.042Е-01 4.572Е-00 1.205E+00 3.794E+00 5.874E-01 §.258E+00 
2.20 4.853E-01 5.023E+00 1.228E+00 — 4090E«-00 5.265Е-01 5.711Е+00 
230 4.682Е-01 5494E«00 1.251Е+00 4.392Е+00 4.689Е-01 6.197Е+00 
2.40 4.527Е-01 5.987E-00 1.275E+00 4.696E+00 4.136E-01 6.693E+00 
2.50 4.385Е-01 6.500E+00 1.300E+00 5,000E+00 3.627Е-01 7.222E+00 
3.00 3.837E-01 9.381E+00 1.439E+00 6.519E+00 1.707E-01 1.017E+01 
3.50 3.466E-01 1.279E+01 1.603E+00 7.979Е+00 7.102E-02 1.361Е+01 
4.00 3.203Е-01 1.671Е-01 1791Е-00 93305-00 — 2758E-02 1.773E+01 
4.50 3.009E-01 2.117E+01 2.008 E+00 1.057Е+01 1.013E-02 2.221E+01 
5.00 2.863E-01 2.614E+01 2.241E+00 1.166E+01 3.659E-08 2.738E+01 
6.00 2.661E-01 3767E401 2.790E+00 1.350E«01 4.718E-04 3.912E+01 
7.00 2.531E-01 5.129Е-01 3.439E«00 1.491Е+01 6.440E-05  5308E+01 
8.00 2.443E-01 6.700Е-01 — 4188E«00 1.600Е+01 9.651E-06 6.923E+01 
9.00 2.381E-01 8481E-01 — 5.0806E«00 1.684Е+01 1.606E-06 8.749Е+01 
10.00 2.336E-01 1.047E-02 5.984Б:-00 1.750Е+01 2.978Е-07 1.080Е+02 
20.00 2.185Е-01 4.190E+02 2.095Е-01І 2.000E+0! 1228E-12 . 4301E«02 
30.00 2.156E-01 9428Е-02 4.589501 2.054E+01 4.957Е-16 9.673Е+02 
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2.30 


Му 


1.000Е+00 
9.528Е-01 
9.106Е-01 
8.726Е-01 
8383E-01 
8.071E-01 
7.787Е-01 
7.527Е-01 
7.288E-01 
7.067Е-01 


6.864E-01 
6.501E-01 
6.186Е-01 
5.912Е-01 
5.671Е-01 
5.458Е-01 
5.268E-01 
5.099Е-01 
4.947E-01 
4.810Е-01 


4.686Е-01 
4.214Е-01 


т гыда 


3.904E-01 
3.690E-01 
3.536E-01 


3.421E-01 
3.26ТЕ-01 
3.170Е-01 
3.106E-01 
3.061E-01 


3.029E-01 
2.923E-01 
2.903Е-01 


Py/Px 


1.000E+00 
1.112E-00 
1.229E+00 
1.352E+00 
1.480E+00 
1.614E+00 
1.7453E+00 
1.897E+00 
2.047E+00 
2203E400 


2.364E+00 
2.702E+00 
3.062E+00 
3.444E+00 
3.847Е+00 
4.273Е+00 
4.720E+00 
5.189Е+00 
5.680Е+00 
6.193Е+00 


6.727E+00 
9.727E+00 


14747 TC. 


1.3Z7E+01 
1.736E+01 
2.200Е--01 


2.718E+01 
3.918E+01 
5336E«01 
6.973Е-01 
8.827Е+01 


1.090Е+02 
4363E«02 
9.817Е+02 


к= 12 
туту 


1.000E+00 
1.018E+00 
1.035E+00 
1.052E+00 
1.069E+00 
1.086E+00 
1.102E+00 
1.119E+00 
1.136E+00 
1.153Е+00 


1.170E+00 
1.205E+00 
1.241E+00 
1.279E+00 
1.319E+00 
1.360Е+00 
1.402Е+00 
1.446E+00 
1.492E+00 
1.540E+00 


1.590E+00 
1.867E+00 


marco oan 


2.192E+00 
2.565E+00 
2.988E«-00 


3.460E+00 
4.551E+00 
5.841Е+00 
7.329E+00 
9.016E+00 


1.090E+01 
4.065E+01 
9.024E+01 


ipx = 


1.000E+00 
1.092E+00 
1.187E+00 
1.285E+00 
1.384Е+00 
1.486Е+00 
1.591Е+00 
1.695Е+00 
1.802E+00 
1.911 +00 


2.021E+00 
2.242Е+00 
2.467E+00 
2.693E+00 
2.917E+00 
3.142E+00 
3.367E+00 
3.589E+00 
3. 807E+00 
4.021Е+00 


4.231Е+00 
5.210E+00 


ш ът а Тэ An 


ОАТС) 
6.768E+00 
7.363Е+00 


7.855E+00 
8.609E+00 
9.135E+00 
9.514E+00 
9.790E+00 


1.000E+01 
1.073E+01 
1.088E+01 


РоуРох 


1.000E+00 
9.990E-01 
9.993E-01 
9.958E-01 
9.92AE-01 
9.850E-01 
9,770E-01 
9.678E-01 
9.548E-01 
9.385E-01 


9.213E-01 
8.819E-01 
8.360E-01 
7.852Е-01 
7.322Е-01 
6.765Е-01 
6.213E-01 
5.668E-01 
5.139E-01 
4.635Е-01 


4.163E-01 
2.298E-01 
1.199E-01 
6.102E-02 
3.093Е-02 


1.586E-02 
4.409E-03 
1.344Е-03 
4.49TE-04 
1.644E-04 


6.499E-05 
9.662E-08 
1.818E-09 
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PoyPx 


1.772E+00 
1.871E+00 
1.983Е+00 
2.098E+00 
2.224Е+00 
2.354E+00 
2.493 E+00 
2.643E+00 
2.794E+00 
2.949Е+00 


3.113Е+00 
3,462E+00 
3.835Еғ00 
4.230E+00 
4.654Е+00 
5.094E+00 
5.563E«00 
6.054E+00 
6.567E+00 
7.102E400 


7.665E+00 
1.081E+01 
1.455E+01 
1.885E+01 
2.370Е+01 


2916Е+01 
4.177E+01 
5.668E+01 
7.385Е+01 
9.337E«-01 


1.151E+02 
4.590Е+02 
1.033Е+03 
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ТаМе 3.3 (continued) Normal Shock Functions 
k=13 
Mx My Py/Px Ty/Tx руірх - PoyPox Poy'Px 
Ух/Уу 
1.00 1.000Е+00 1.000Е+00 1.000E+00 1.000E+00 1.000E+00 1.832E+00 
1.05 9.530E-01 1.116E-00 1.026500 1.088E+00 9.995E-01 1.940E+00 
1.10 9.112E-01 1.237E+00 1.051Е+00 1.177Е+00 1.000E+00 2.060E+00 
1.15 8.739Е-01 1.365Е+00 1.075E+00 1.270E+00 9.955E-01 2.181E+00 
1.20 8.403E-01 1497Е+00 1.100E+00 1.361Е+00 9.934E-01 2.318E+00 
1.25 8.100Е-01 1.636E+00 1.124Е+00 1.456Е+00 9.863E-01 2.456E+00 
1.30 7.825E-01 1.780E+00 1.148E+00 1.551Е+00 9.786E-01 2.605E+00 
1.35 7.575E-01 1.930Е+00 1.172E+00 1.647E+00 9.681E-01 2.759E+00 
1.40 7.346Е-01 2.085E+00 1.197E+00 1.742Е+00 9.566Е-01 2.923E+00 
1.45 7.136Е-01 2.246E+00 1.222Е+00 1.838E+00 9.425E-01 3.092Е+00 
1.50 6.942E-01 2.413E+00 1.247E+00 1.935E+00 9.262E-01 3.266Е+00 
1.60 6.599E-01 2.763Е+00 1,299E+00 2. 127E+00 8.896Е-01 3.637E+00 
1.70 6.304E-01 3.137E+00 1.353E+00 2319Е+00 8.462Е-01 4.029E+00 
1.80 6.048E-01 3.532E+00 1.409E+00 2.507Е--00 8.003E-01 4.453Е+00 
1.90 5.825601 3.950E+00 1.467E+00 2.693E+00 7.513E-01 4.900E+00 
2.00 5.629E-01 4.391E+00 1.527E+00 2.876E+00 7.007Е-01 §.371E+00 
2.10 5.455E-01 4.855E+00 1.591E+00 3.052E+00 6.498E-01 5.865E+00 
2.20 5.301E-01 5.3341E+00 1.656E+00 3.225E+00 5.999E-01 6.387E+00 
2.30 5.163E-01 5.850E--00 1.725E+00 3.391E+00 5.514E-01 6.931E+00 
2.40 5.040Е-01 6.381E+00 1.796E+00 3.553Е+00 5.050E-01 7.503Е+00 
2.50 4.929Е-01 6.935Е+00 1.869E-00 3.711E+00 4.609E-01 8.097E+00 
3.00 4.511E-01 1.004E+01 2.280E+00 4.404E+00 2.825E-01 1.145E+01 
3.50 4.241E-01 1.372E.0!1  2.763E.00 | 4965E-00 1676E-01 1.539F+01 
4.00 4.058E-01 1.79656E+01 3.318E+00 5.413E+00 9.926E-02 1.995E+01 
4.50 3.927Е-01 2.276Е+01 3.946E+00 5.768E+00 5.940E-02 2.514E+01 
5.00 3.832E-01 2.813E+01 4.648E+00 6.052E+00 3.613E-02 3.092Б-01 
6.00 3.704Е-01 4.057E«01 6.271E-00 6.469 E00 1.422E-02 4.429E+01 
7.00 3.625E-01 5.526E+01 8.189E+00 6.748E+00 6.098Е-03 6.014E+01 
8.00 3.573E-01 7.222E«01 1.040E+01 6.944E+00 2.827Е-03 7.839Е--01 
9.00 3.536E-01 9.143E+01 1.291E+01 7.082E+00 1.404E-03 9.912E+01 
10.00 3.510E-01 1.129Е+02 1.571E«01 7.187Е+00 7.405Е-04 1.223Е-02 
20.00 3.426E-O1 4.520E+02 5.994E+01 7.541E+00 8.948E-06 4.87717E+02 
30.00 3.410Е-01 1.017E+03 1.337E«02 7.607E+00 6.237Е-07 1.097Е-03 
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My 


1.000E+00 
9.531E-01 
9.118E-01 
8.750E-01 
8.422E-01 
8.126E-01 
7.860E-01 
7.618E-01 
7.397E-01 
7.196E-01 


7.011E-01 
6.684E-01 
6.405E-01 
6.165E-01 
5.956E-01 
5.774E-01 
5.613E-01 
5.471Е-01 
5.344Е-01 
5.231E-01 


5.130Е-01 
4.752Е-01 
4.512Е-01 
4.350Е-01 
4.236E-01 


4.152E-01 
4.042Е-01 
3.974E-01 
3.929E-01 
3.898E-01 


3.876E-01 
3.804E-01 
3.790E-01 


Py/Px 


1.000E+00 
1.120E+00 
1.245E+00 
1.376Е+00 
1.513Е+00 
1.656Е+00 
1.805Е+00 
1.960Е+00 
2.120Е+00 
2.286Е+00 


2.458Е+00 
2.820Е+00 
3.205Е+00 
3.613Е+00 
4.045Е+00 
4.500Е+00 
4.978E+00 
5.480E+00 
6,005E+00 
6.553E«00 


7.125E«00 
1.033E+01 
1.413E+01 
1.850Е+01 
2.346Е+01 


2.900E+01 
4.183Е+01 
5.700Е+01 
7.450Е+01 
9.433E+01 


1.165Е+02 
4.665E+02 
1.050E+03 


k= 1.4 
туту 


1.000E+00 
1.033E+00 
1.065Е+00 
1.097E+00 
1.128E+00 
1.159E«00 
1.191E+00 
1.223E+00 
1.255E+00 
1.287E+00 


1.320E+00 
1.388E+00 
1.458E+00 
1.532E+00 
1.608E+00 
1.688E+00 
1.770E«00 
1.857E+00 
1.947E+00 
2.040E+00 


2.138E«00 
2.679E+00 
3.315Е+00 
4.047Е+00 
4.875E+00 


5.800E+00 
7.941 E+00 
1.047Е+01 
1.339Е+01 
1.669Е+01 


2.039Е+01 
7.872Е+01 
1.759Е+02 


Ру!рҳ = 
уху 


1.000E+00 
1.084Е+00 
1.169E+00 
1.254E+00 
1.341E-00 
1.429E+00 
1.516E+00 
1.603E+00 
1.689E+00 
1.776E+00 


1.862E+00 
2.032E-00 
2.198E-00 
2.358E+00 
2.516E+00 
2.666Е--00 
2.812E+00 
2.951E+00 
3.084E+00 
3.212Е+00 


3.333E+00 
3.856E+00 
4,262E100 
4.571Е+00 
4.812Е+00 


5.000Е--00 
5.268E00 
5.444E+00 
5.564E+00 
5.652Е+00 


5.714Е+00 
5.926Е+00 
5.969E+00 


Poy/Pox 


1.000Е+00 
9.989E-01 
9.989E-01 
9.971E-01 
9.933E-01 
9.874E-01 
9.794E-01 
9.692E-01 
9.582Е-01 
9.451Е-01 


9.301E-01 
8.952E-01 
8.557Е-01 
8.129Е-01 
7.674Е-01 
7.209Е-01 
6.743E-01 
6.281E-01 
5.833E-01 
5.402E-01 


4.990Е-01 
3.286E-01 
2.128E-01 
1.388E-01 
9.168E-02 


6.172Е-02 
2.966E-02 
1.535Е-02 
8.488Е-03 
4.964Е-03 


3.045Е-03 
1.078E-04 
1.453Е-05 
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Po y'Px 


1.893E+00 
2.006Е-00 
2.133E+00 
2.267Е+00 
2.409E+00 
2.558E+00 
2.7 14E+00 
2.876E+00 
3,049E+00 
3.229Е-00 


3.414E+00 
3.805E+00 
4.224Е+00 
4.671E+00 
5.142E+00 
§.640E+00 
6.166E+00 
6.716E+00 
7.294E+00 
7 898E+00 


8.526E+00 
1.207E+01 
1.623Е+01 
2.107E+01 
2,653E+01 


3.265E+01 
4.682E+01 
6.355E+01 
8.287E+01 
1.048E+02 


1.292Е+02 
5.155Е+02 
1.159Е+03 


108 


Table 3.3 (continued) Normal Shock Functions 
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К= 1.5 
Му му Py/Px TyT x py! Px = PoyPox Po ух 
yxivy 
1.00 1.000E+00 1.000E+00 1.000E+00 1.000Е+00 1.000Е--00 1.953E+00 
1.05 9.533E-01 1.123E+00 1.039E+00 1.081E+00 9.999Е-01 2.075Е+00 
1.10 9.123Е-01 1.252E+00 1.078E+00 1.161E+00 9,990E-01 2.207Е--00 
1.15 8.761E-01 1.387E+00 1.116E+00 1.243Е+00 9.968E-01 2.348E+00 
1.20 8.438E-01 1.528E+00 1.154E+00 1.324E+00 9.930E-01 2.498Е-00 
1.25 8.150E-01 1.675E+00 1.193E+00 1.404E+00 9.875E-01 2.656E-00 
1.30 7.890E-01 1.828E+00 1.231E+00 1.485E+00 9.801E-01 2.821E+00 
1.35 7.655Е-01 1.987E+00 1.270E+00 1.565E+00 9.709E-01 2.995E+00 
1.40 7.442Е-01 2.152Е+00 1.309E+00 1.644E+00 9.600E-01 3.176E+00 
1.45 7.248Е-01 2.323E+00 1.349E+00 1.722E+00 9.473E-01 3.364E+00 
1.50 7.071E-01 2.500E+00 1.389E+00 1.800E+00 9331E-01 3.560Е+00 
1.60 6.759Е-01 2.872E+00 1.472E+00 1.951E+00 9.006E-01 3.973Е+00 
1.70 6.494E-01 3.268Е+00 1.558Е+00 2.098Е+00 8.637Е-01 4.414Е+00 
1.80 6.266Е-01 3.688E+00 1.648E+00 2.238E«00 8237Е-01 4.884F+00 
1.90 6.069E-01 4.132E+00 1.742E+00 2.372E+00 7.816Е-01 5.382Е+00 
2.00 5.898E-01 4.600E+00 1.840E+00 2.500E+00 7 384E-01 5.907E+00 
2.10 5.747Е-01 5.092Е+00 1.942Е+00 2.622Е+00 6.951Е-01 6.461E+00 
220 5.615E-01 5.608E+00 2.049E+00 2.737Е+00 6.523E-01 7.041Е+00 
230 5.497Е-01 6.148E+00 2.159E+00 2.848E+00 6.106E-01 7.649E+00 
2.40 5.393Е-01 6.712Е-00 2.275E+00 2.950E+00 5.703Е-01 8.285E+00 
2.50 5.299E-01 7.300E+00 2.394E+00 3.049E+00 5.318Е-01 8.948E+00 
3.00 4.953Е-01 1.060E+01 3.062E+00 3.462E+00 3.691E-01 1.267E+01 
3.50 47345-01 1.450E+01 3.847E«00 3.769E400 2.547E-01 1.708Е--01 
4.00 4.588E-01 1.900F+01 4750E-00 4.000E+00 1.773E-01 2216E«01 
4.50 4.486E-01 2410Е+01 5.772E+00 4.175E+00 1.253E-01 2.792E+01 
5.00 4.412Е-01 2.980Е+01 6.914E+00 4.310Е--00 9.018E-02 3.437Е+01 
6.00 4.313Е-01 4.300Е+01 9.556E+00 4.500Е+00 4.928E-02 4.928E+01 
7.00 4.253E-01 5.860E-01 1.268Е+01 4.621E+00 2.877Е-02 6.691Е+01 
8.00 4.214E-01 7.660E+01 1.628E+01 4.705E+00 1.776E-02 8.725E+01 
9.00 4.186E-01 9.700Ғ--01 2.036E+01 4.764E+00 1.150E-02 1.1G3E+02 
10.00 4.167E-01 1.198E+02 2.492E+01 4.807E+00 7.743Е-03 1.361Е+02 
20.00 4.104Е-01 4.798E+02 9.692Е+01 4.950E+00 5.270E-04 5.430E+02 
30.00 4.092E-01 1.080Е+03 2.169Е+02 4.979E+00 1.058E-04 1.221E+03 
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к= 5/3 
Mx My Py/Px Ty/Tx Pylpx = PoyPox PoyPx 
Yzy 
1.00 1.000E+00 1.000Е+00 1.000Е+00 1.000Е+00 1.000Е+00 2.055Е+00 
1.05 9.535Е-01 1.128E+00 1.050Е+00 1.074E+00 1.000E+00 2.189Е+00 
1.10 9.131E-01 1.263E+00 1.099E+00 1.149E+00 9.986E-01 2.332E+00 
1.15 8.776Е-01 1.403Е+00 — LI47E-00 1.223Е+00 9.974Е-01 2.488E+00 
1.20 8.463E-01 1.550E«00 1.196Е+00 1.296E+00 9.937E-01 2.651Е+00 
1.25 8.184E-01 1.704E+00 1.244E+00 1.370E-00 9.879E-01 2.821E+00 
130 7.935E-01 1.863Е+00 — L293E«00 1441E+00 9.814Е-01 3.002E+00 
1.35 7.7 ПЕ-01 2029E-00 — L343E«00 1.5ПЕМО — 9727E-0] 3.191E+00 
1.40 7.509Е-01 22015-00 1.393E+00 1.580Е+00 9.626E-Ol 3387Е-00 
1.45 7.325Е-01 23795-00 — 1445E«00 1.646E+00 9512Е-0І 3.593Е:00 
1.50 7.158E-01 2.564Е+00 — L497E«00 1.713Е+00 9379E-01 3.804Е-00 
1.60 6.866Е-01 2.951Е+00 — L604E-00 1.840E+00 9.089E-01 4.255E+00 
1.70 6.620E-01 3.364E+00 1.716E+00 1.960E+00 8.755E-01 4.734E+00 
1.80 6.410Е-01 3.802Е-00 1.833E+00 207500 8395E-01 5.244E+00 
1.90 6.229E-01 4.265E+00 1.955Е-00 2.182E+00 8.019E-01 5.784E+00 
2.00 6.073E-01 4.753Е+00 2.083Е+00 2.282E+00 7.634Б-01 6.354E+00 
2.10 5.936E-01 5.266Е-00 2216Е-00 2376E+00 7.248E-01 6.954E+00 
2.20 5.817E-01 5.804E+00 — 2.355E-00 2465E+00 6.865E-01 7.584Е+00 
2.30 5.711E-01 6.367Е+00 249E+00 2.548E+00 64926-01 8.243E+00 
2.40 5.617E-01 6.954E+00 2.650E+00 2.624E+00 6.131E-01 8.935E+00 
2.50 5.534E-01 7.567E«00 2.806E+00 2.697E+00 5.783Е-01 9.654E+00 
3.00 5.227Е-01 1.101Е+01 3.678E+00 2.993E+00 42825-01 1.369E+01 
3.50 5.036Е-01 1.507Е+01 4.704Е+00 32045-00  3.178E-01 1.848E+01 
4.00 4.910E-01 1.976E«01 — 5.885E«00 — 3.358E400 — 2385E-01 2.399E+01 
4.50 4.822Е-01 2.508E+01 7.221E+00 3.473E+00 — L816E-01 3.024E+01 
5.00 4.758E-01 3.102E+01 8.714E+00 3.560E+00 1.407E-01 3.723E+01 
6.00 4.674Е-01 4.478Е+01 1.217Е+01 3.680Е-00 8.832502 534ЕНІ 
7.00 4.623Е-01 6.104Е+01 1.625Е+01 3.756Е+00 58556-02 7.253Е+01 
8.00 4.589E-01 7.981Е+01 2.096E+01 3.808E+00 4059E-02 9.459Е+01 
9.00 4.566E-01 1.0116+02 2.630Е+01 3.844E+00 2.919E-02 1.196E«02 
10.00 4.550E-01 1248E-02 3.226E+01 3.869E+00 2.168Е-02 1.476E+02 
20.00 4.497Е-01 5001E-02 12645-02 3956-00 2885Е-03 — 5889E«02 
30.00 4.487Е-01 1.1266+08 2.834Е+02 3.973E+00 8.679E-04 1.324Е+03 
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Figure 3.16 Notation for Fanno flow study. 


requires that, for an adiabatic process, the entropy may not decrease. The 
effect of friction is to limit the expansion of the gas from p, to p* and sonic 
velocity. For this reason supersonic flow cannot exist in a pipe if the initial 
flow is subsonic. In case (b) the gas enters the pipe with a supersonic velo- 
city. Again, the second law of thermodynamics requires that, for an adia- 
batic process, the entropy may not decrease. The effect of friction is to limit 
the compression of the gas from p, to p" and sonic velocity. For this reason 
subsonic flow cannot exist in a pipe if the initial flow is supersonic. The 
limiting velocity in either case is sonic. 
General Considerations 
Adiabatic compressible flow of an ideal gas with friction in a constant- 
area duct must satisfy the following requirements: 
l. The ideal gas law: The equation of state for an ideal gas is equation 
(1.37): 
pv= RT (1.37) 
2. Constant-area duct. The flow area must be the same at all sections: 


А-4-Аз---А, 
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3. Conservation of mass: The continuity equation may be expressed as 








follows: 
AJ Av At^ 

= = а A (3.6) 
V Vi уз 


4 Conservation of energy: The sum of all the energy at a section is the 
same for all sections: 
ВЕТ | i RKT| L п ЕКТ, П 15 
k—-l1 2g k=l 28 А-1 2g, 





(3.97) 


5. Equation of motion. Writing equation (3.18) for a horizontal pipe 
results in the following: 


, dv 
“С ар + а dL — 0 (3.147) 


^c h 
6. Constant-friction factor: In Chapter 4 the variation of friction factor 
with various parameters is presented. Conventional engineering prac- 
tice 1s to use a friction factor f to calculate friction losses in pipes. 
Methods for the computation of numerical values of friction factor 
arc given in Chapter 4. The friction factor f is defined as follows: 
per 
H, — ——— | dL (3.148) 
Pee S| 
The factor defined by equation (3.148) is known as the D'Arcy - 
Weisbach friction factor. There is another friction factor used in 
some texts, known as the Fanning friction factor. The numerical 
value of the Fanning friction factor is 1/4 that of the D'Arcy- 
Weisbach. so care must be used when selecting a friction factor from 
another source. 
In Section 3.3, the energy lost due to friction, H,. was defined by equation 
(3.20) as follows: 


1 2 
H, -= Í vr dL (3.20) 
R, JI 
Setting equation (3.148) equal to equation (3.20) and solving for r results 
in the following: 


. 
Қане 
r= 


= (3.149) 
Әре Пи 





Substituting the value of + from cquation (3.149) in equation (3.147) 
results in the following: 
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ly R P 
а раро Ë aft” Van =o 


K. R й EC Ву) 











which reduces to: 
о йг ft 
Dos 
Dividing equation (3150) by pv results in the following: 
“dv і v 
v di v dp v dp p fv 
(pg. pv — 2g D(pv) 


For an ideal gas from the equation of state (1.37), pv = RT. Substituting for 
pv in equation (3.151) yields the following: 








=0 (3.150) 





dL =0 (3.151) 


v d | dp f e 
Rig p 2DRTg, 





dL =0 (3.152) 


Derivation of equations 


All of the terms of equation (3.152) can be expressed as functions of 
Mach number. If the first term of equation (3.152) 1s multiplied by v/v 
and the relation ¿° = kg RTM” from equation (3.94) is substituted, the 


following expression results: 








“— du = (5) Cpa v de — kg RT M` ас — км? dv 
RT xg. Ww RTg, RTg, v RTg, " v 
(3.153) 
The energy equation for an ideal gas (3.97) may be written as follows: 


RKT, ККТ vY 

















Kl k ll (3.154) 
Differentiating equation (3.154) yields the following: 

a dT + so 0 = es dT +u du = 0 (3.155) 
Dividing equation (3.155) by «7 =kg,RTM? yields the following: 

[Ag R/(k — DdT — vde _ l dT а 

(ke RTM) v (k-DM T v 

Or 

dT » dv 
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Writing c = ke, RTM? in logarithmic form. differentiating, and solving for 
aT /T, results in the following: 


2 log, t = log. (kg, К) + log, T + 2log, M 
dv JT dM dT dv dM (3.157) 
2----- — Or ——2—-—2-—— 
T M 7 е м 
Substituting for dT/T from equation (3.157) in equation (3.156) and 
simplifying results in the following: 
dT > dv dM 


т КМ 2 ap 


which reduces to: 


du l ам 3.158) 
vo d4x[k-D2M? M 9. 


Eliminating dce/v from equation (3.153) by substitution of equation (3.158) 


and simplifying results in the expression of the first term of equation (3.152) 
as a function of Mach number: 


gn tmn Tuan |S ee 
&, 1 + 5 M? + [К = )/2] 





(3.159) 
Evaluation of the middle term of equation (3.152) starts by expressing the 
continuity equation for an ideal gas (9t = Avp/ RT) in logarithmic form and 
differentiating, noting that, for a constant-area duct. A is a constant: 
log, #7 = log, А + log, v + log, p — log. R — log, T 
b d IT 
0=0464%-9-S 
vo p T 


or 


dp _ dT dv PEDI 
Раш (3.160) 


p T v 


Substituting dT /T from equation (3.156) and du/z from equation (3.158) in 
equation (3.160) and simplifying results in the following: 


ар” НН dM _ — TM 
p “6 nie] ge s W [recae] 


which reduces to: 
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l kK+1)M° +1 ам 

ар _ | M + | (3.161) 
a ik 01Vy7/?01A4- A 

P | тА НЕНИ |" 


The last term of equation (3.152) may be converted to a Mach number 
relation by substitution of o= = ке. АТМ”. 


foe f kg RTM? ЖЕ 
£ yp IRAE te = KM! dL 3.162 
SD RTe, “3B Rre = ap < (3.162) 


Substituting equations (3.159), (3.160), and (3.161) for the first, second, and 
third terms of equation (3.152). respectively, results in the following: 


dp f 














IL —0 
RTg ^. p tD RTE í 
kM k — DM^ - EL dM (3.163) 
м им - ELM UM Vae - dL 0 
1+ > M? 1+ 5 M? 


Solving equation (3.163) for fdL/D, results in the following: 














5 ді. = AY dM 
em (1+ 5 м?) 
(3.164) 
| ; | 
Бары - Шы ТЕ, Я 
` (1+ 5 м”) і 


Integrating equation (3.164) between the limits of L; and L; and M, and M^ 
yiclds the following: 


/ ам +1 [Т | ам 
dioi i ру | 


l l l k+l М DM; 
Бш =з) + + log, ( - 0Ms +2 
D k VMT М5 2k Ms (k — 1)M; +2 


The maximum length £Z" is obtained at the point in the pipe where the 
velocity is sonic. Substituting in equation (3.165) £L* for Ls — L,. M for 
Му. апа 1 Гог Ma results in the following: 











(3.165) 
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fl n | IY k+l [W Dx i 

zzl ү) + уу Гор, | үз у 

Lf A Мм у Ln 1 {А = Іри —+ 3 | 

| , , (3.166) 
fb 1-M? k+l (KE DM 








= ——— + — log, | ——— | 
м ок = 
D kM k (ШЕ м) 


Texts and reference sources that usc the Fanning friction factor express the 
first term of equation (3.166) as 4/L'/D. 

For adiabatic flow, the total energy at each section is a constant whether 
or not friction is involved, so equation (3.98) may be applied. Expressing this 
equation for T, — T, T; — T'. M, — M, and M; — I results in the follow- 
Ing: 


NIU LL Dye 
no taz) ro t 


ктү C fk-dY 4 
Г ie (553a T (хн 


1 
r К + (3.167) 


E / (k — 1 >] 

2 М” 

МЕНІ 

Again writing the continuity equation for an ideal gas (9j — Avp/ RT) and 
noting from equation (3.94) that v — M(kg RT)!” leads to the following: 











or 








Amp, — Avaps 
RT, RD 








Solving for p»/p, — e Ts/o4 T, results in the following: 


р (М.у КТТ М) (5) 
Ti 


Pi (M2 Kg. RT))T, М. 


Substituting 7T-/T; from equation (3.98) in equation (3.168) results in the 
following: 


k IN 1^ 
t+ (<=) 
p M 2 





(3.168) 





(3.169) 
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Substituting in equation (3.169) for p, 2 p.p; — p'. Mi — M. and M»; —1 
results in the following: 














каут? k- 37! 
pM, + (= ум (p M eC ум 
рү M. + (=m p l i+ (=) 
2 - 2 
or 
Р (3.170) 
/ 





If equation (3.144) is written in dimensionless form and integrated between 
the limits of 1 and 2, the following results: 


cf dT L: Ss Á | T> | р» 
| k — | R E k — | оё Т, 98, 21 








— d 


Substituting Гог 7-/Т) from equation (3.98) and for p;/p, from equation 
(3.169) vields the following: 




















(k—D,a (5-1) 1/2 
55 - 41 k | 1 + 2 M; | М, l + ? Mi 
— = ОВ | ——| log, | Sh - 
R k—1 Le E m M; 1+0 2 
(A — 1) at 
a 2X 24-1) 
43 — S] — | М, l My 
Re Mi\,,&-D 5 


(3.171) 


Substituting in equation (3.171) for s — s, — s, M, — М, апа М» =1 
results in the following: 














(k D A EL (k | қы 
. — 3 А—1) (— -\ мА 1) 
q^ | I+ M- [| t+ 4 м 
— =] у — a o  ,ENH—oamTq = y — ee 
ROREM K-D - Іов, |47 (K+) 

| + 5 х 1 > 


(3.172) 
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The stagnation pressure ratio is obtained by multiplying the stagnation 
pressure ratios [equation (3.100)] by the pressure ratio [equation (3.169)]: 


OOE 
Po ?02 Pi 25 


ру uu D ЕЛІ 
mt ^| +" м] 














Po» 2 4 
(А — 1) > -І/2 
б M; l+ 5 Mi 


which reduces to 


(k—1), 4457 D 


— | ——— — — (3.173) 
Ро М, TER 





Substituting р, for pa. ps for p, M for M,, und | for M^ in eauation 
& # A £81 HU Ius із - 1 
(3.173) results in the following: 


(kc dy vq tomen 


























Por M» 1+ 2 
Po M| TRUE 
2 
(6-1 , +b. D 
_ Po _ 1 I+ 2 | 
ор M ETD, 2 
2 
. (kh ELA 
рь _ 1 57м (3.174) 
p* M k+l о 


2 


The density ratio is obtained by writing the equation of state (1.37) p — p/ 
RT and substituting equation (3.169) for p;/p, and equation (3.98) for Tj/ 
T», as follows: 
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p PIRTI _ (2) 
о MIRT, Ар), 

















k—1N a1 ^ k—1Y 5 
p Mi «( 2 м s 2 i 
2» M. k N ,  /k-ÓlN > 
pi M: i+ ( - ум: -( _ )м (3.175) 
5-1 , 1/2 
oMi 1+ ( 2 ІШ 
Mz k— 1X, 5 
noum 


Substituting in equation (3.175) for pj 2 p. p —  . Mi= M. and M; — | 
results in the following: 


к-1 We к-у отр? 
—— I+[|—— |) x !: 
p; Mi М 2 )м p M «( 2 р 


2 w 2 7 = | —] 3 
pr M (ды p | e ім 


әң) 








= 








(3.176) 
From the continuity equation (3.6), the following can be written: 
. T e p 
т = pAu — p A: or ==> (3.177) 
v p 


Tabulated Values of Fanno Flow Functions 


As in the case of isentropic flow and normal shock functions, it has been 
found useful to compute and tabulate certain standard Fanno flow func- 
tions. These functions are all dimensionless ratios and are functions of the 
inlet Mach number M. Table 3.4 contains the following ratios: 
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Table 3.4 


1.30 


SEEBES 


Fanno Line Functions 


T/T* 


1.000E+00 
1.000E+00 
1.000Е+00 
1.000Е+00 
1.000E+00 
1.000E+00 
1.000Е+00 
1.000Е+00 
1.000Е+00 
1.000Е+00 


1.000Е+00 
1 000Е+00 
1.000Е+00 
1.000Е+00 
1.000Е+00 
1.000Е--00 
1.000Е+00 
1,000E+00 


1.000Е+00 
1.000Е+00 
1.000Е+00 
1.000Е+00 
1.000Е+00 


1.000Е+00 
1.000E+00 
1.000E+00 
1.000E+00 
1.000E+00 
1.000Е+00 
1.000E+00 
1.000Е+00 
1.000Е+00 
1.000Е+00 


р/р" 


o 


1.000E+02 
5.000Е+01 
3.333Е+01 
2.500Е+01 
2,000E+01 
1.667E+01 
1.429E+01 
1.250E«01 
LIllE+O1 


1.000E+01 
6.667E+00 
5.000Е+00 
4.000E+00 
3.333E+00 
2.857E+00 
2.500Е--00 
2.222Е+00 


2.000Е--00 
1.667E+00 
1.429E+00 
1.250Е--00 
1.111Е+00 


1.000Е+00 
9.091E-01 
8.333Е-01 
7.692Е-01 
7.143E-01 
6.667E-01 
6.250E-01 
5.882Е-01 
5.556E-01 
5.263E-01 


6.066Е+01 
3.033Е+01 
2.023Е+01 
1.518E+01 
1.215Е+01 
1.013Е+01 
8.686E+00 
7.606E+00 
6.767E+00 


6.096E+00 
4.089Е+00 
3.094Е+00 
2.503Е+00 
2.115E«00 
1.842E+00 
1.643E+00 
1.491E+00 


1.375Е+00 
1.210Е+00 
1.107Е+00 
1.044Е+00 
1.010E+00 


1.000E+00 
1.010E+00 
1.038E+00 
1.086E+00 
1.154E+00 
1.245E+00 
1.363E+00 
1.513E+00 
1.703E+00 
1.941E+00 


м/у = рер 


0.000Е+00 
1.000E-02 
2.000E-02 
3.000E-02 
4.000E-02 
5.000E-02 
6.000Е-02 
7.000Е-02 
8.000E-02 
9.000Е-02 


1.000Е-01 
1.500Е-01 
2.000E-01 
2.500E-01 
3.000E-01 
3.500E-01 
4.000E-01 
4.500Е-01 


5.000Е-01 
6.000E-01 
7.000E-01 
8.000E-01 
9.000E-01 


1.000E 4-00 
1.100E+00 
1.200E+00 
1.300E+00 
1.400E+00 
1.500E+00 
1.600Е+00 
1.700Е+00 
1.800E+00 
1.900E+00 


Яр 


оз 
9.990Е+03 
2.491Е+03 
1.103Е-03 
6.176E+02 
3.930E+02 
2.712E+02 
1.978Е+02 
1.502E+02 
1,176E+02 


9.439E+01 
3.965E+01 
2.078E+01 
1.223E+01 
7,.703E+00 
5.064E+00 
3.417E+00 
2.341 E+00 


1.614E+00 
7.561E-01 
3.275E-01 
1.162Е-01 
2.385Е-02 


0.000E+00 
1.707E-02 
5.909E-02 
1.164E-01 
1.831E-01 
2.554Е-01 
3.306E-01 
4.073E-01 
4.842E-01 
5.607E-01 
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s*/R 


0 
4.105Е+00 
3.412Е+00 
3.007Е+00 
2.720Е+00 
2.497Е+00 
2315E«00 
2.162E+00 
2.029E+00 
1.912E+00 


1.808E+00 
1.408E+00 
1.129Е+00 
9.175Е-01 
7.490Е-01 
6.111E-01 
4.963E-01 
3.998E-01 


3.181E-01 
1.908E-01 
1.017E-01 
4.3 14E-02 
1.036E-02 


0.000E+00 
9.690E-03 
3.768E-02 
8.264E-02 
1.435E-01 
2.195E-01 
3.100Е-01 
4.144E-01 
5.322E-01 
6.631E-01 
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Table 3.4 (continued) Fanno Line Functions 
k=1 

M T/T* р/р” Po'po* у/у* — p*lp ЛА s*/R 
2.00 1.000Е+00 §.000E-01 2.241E+00 2.000Е+00 6.363Е-01 8.069Е-01 
2.10 1.000E+00 4.762E-01 2.620E+00 2.100E+00 7.106E-01 9.631E-01 
2.20 1.000E+00 4.545Е-01 3.100Е+00 2.200E+00 7.835E-01 1.132E+00 
2.30 1.000E+00 4.348Е-01 3.714E+00 2.300Е--00 8.549Е-01 1.312E+00 
2.40 1.000E+00 4. 167E-01 4. 5Q2E+00 2.400E+00 9.245E-01 1.505E+00 
2.50 1.000E+00 4.000E-01 5.522E+00 2.500Е+00 9.926Е-01 1.709E+00 
2.60 1.000E+00 3.846E-01 6.852E+00 2.600Е+00 1.059E-00 1.924E+00 
2.70 1,000E+00 3,704E-01 8.600E+00 2.700Е--00 1.124E+00 2.152E+00 
2.80 1.000Е+00 3.571E-01 1.092E+01 2.800E+00 1187E-00 2.390Е+00 
2.90 1.000E+00 3.448E-01 1.402E+01 2.900E-00 1.248Е+00 2.640Е+00 
3.00 1.000Е+00 3.333Е-01 1.820E+01 3.000E+00 1.308E+00 2.901E+00 
3.10 1.000Е+00 3.226E-01 2.389E+01 3.100E+00 1.367Е+00 3.174E+00 
3.20 1.000E+00 3.125Е-01 3.172Е+01 3.200Е+00 1.424Е+00 3.457Е+00 
3.30 1.000E+00 3.030E-01 4.257Е+01 3.300E+00 1.480E+00 3.751E+00 
3.40 1.000E+00 2.941E-01 5.776Е+01 3.400Е+00 1.534Е+00 4.056Е+00 
3.50 1.000E+00 2.857Е-01 7.922F+01 3.500Е+00 1.587Е-00 4.372E+00 
3.60 1.000Е+00 2.778E-01 1.098Е--02 3.600Е+00 1.639Е-00 4.699E+00 
3.70 1.000E+00 2.703E-01 1.540Е+02 3.700Е+00 1.690Е+00 5.037Е+00 
3.80 1.000Е+00 2.632E-01 2.181Е+02 3.800E+00 1.739E+00 5.385Е+00 
3.90 1.000Е+00 2.564Е-01 3.123Е+02 3.900Е+00 1.788E+00 5.744E+00 
4.00 1.000Е--00 2.500Е-01 4.520Е+02 4,000E+00 1.835Е+00 6.114Е+00 
4.50 1.000Е+00 22226-01 3.364Е+03 4.500Е+00 2.058Е+00 8.121Е+00 
5.00 1.000Е+00 2.000Е-01 3.255Е+04 5.000Е+00 2.259Е+00 1.039Е+01 
5.50 1.000Е+00 18ІВЕ-01 4.085Е:05 5.500Б-00 2.443Е00 1.292Е+01 
6.00 1.000E+00 1.667E-01 6.637E+06 6.000E+00 2.611E+00 1.571Е+01 
6.50 1.000E+00 1.538E-01 1.394Е+08 6.500E+00 2.767E+00 1.875E+01 
7.00 1.000E+00 1.429Е-01 3.784E+09 7.000Е--00 2.912E+00 2.205Е--01 
7.50 1.000Е+00 1.333Е-01 1.325Е+11 7.500E+00 3.048E+00 2.561E+01 
8.00 1.000Е+00 1.250E-01 5.987E+12 8.000E+00 3.175Е-00 2.942E«01 
9.00 1.000Е+00 ].111E-01 2.615E« 16 9.000Е+00 3.407E-00 3.780Е+01 

10 1.000Е+00 1.000Е-01 3.145Е+20 1.000Е+01 3.615E+00 4.720E+01 

20 1.000E+00 5.000E-02 2.191E+85 2.000E+01 4.994E+00 1.965E+02 

30 1.000E+00 3.333E-02 5.468Е+193 3.000Е-01 5.804E+00 4.461E+02 
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0.00 
0.01 


0.05 


EBSBEBPESE 


T/T* 


1,050E+00 
1.050E+00 
1.050E+00 
1.050E+00 
1.050E+00 
1.050E+00 
1.050E+00 
1.050E+00 
1.050E+00 
1.050E+00 


1.049E+00 
1.049Е+00 
1.048E+00 
1.047E+00 
1.045E+00 
1.044E+00 
1.042E+00 
1.039E+00 


1.037Е+00 
1.031Е+00 
1.025Е+00 
1.017E+00 
1.009E+00 


1.000Е+00 
9.901E-01 
9.795E-01 
9.682Е-01 
9.563E-01 
9.438E-01 
9.309E-01 
9.174E-01 
9.036E-01 
8.895E-01 


р/р” 


e 


1.025E+02 
§.123E+01 
3.416E+01 
2.562Е+01 
2.049Е+01 
1.708Е+01 
1.464Е+01 
1.281Е+01 
1.138Е+01 


1.024Е+01 
6.827E+00 
5.118Е+00 
4.092E+00 
3.408E+00 
2.919E+00 
2.552Е-00 
2.266E+00 


2.037E+00 
1.693E+00 
1.446E+00 
1.261Е+00 
1.116E+00 


1.000E+00 
9.046E-01 
8.247E-01 
7.569Е-01 
6.985Е-01 
6.477Е-01 
6.030Е-01 
5.634E-01 
5.281Е-01 
4.964E-01 


k=1.1 
PoPo* 


eo 


5.991E+01 
2.996E+01 
1.998E+01 
1.499E+01 
1.200E+01 
1.000E+01 
8.581E+00 
7.514Е+00 
6.685E+00 


6.023E+00 
4.042E-00 
3.059E+00 
2.476E+00 
2.093 E+00 
1.825E+00 
1.629E+00 
1.480E+00 


1.365E+00 
1.204E+00 
1.104E+00 
1.042E+00 
1.010E+00 


1.000E+00 


1.009E«00 


1.036Е+00 
1.080Е+00 
1.142E+00 
1.223E+00 
1.326E+00 
1.454E+00 
1.610E+00 
1.801E+00 


viv* = p/p 


0.000E+00 
1.025Е-02 
2.049Е-02 
3.074E-02 
4.099E-02 
5.123E-02 
6.148E-02 
7.172E-02 
8.196E-02 
9.220Е-02 


1.024E-01 
1.536E-01 
2.047E-01 
2.558Е-01 
3.067Е-01 
3.575Е-01 
4.082E-01 
4.588E-01 


5.092E-01 
6.094E-01 
7.087Е-01 
8.069Е-01 
9.041E-01 


1.000E-00 
1.095Е-00 
1.188E+00 
1.279Е+00 
1.369E+00 
1.457E+00 
1.544E+00 
1.628E+00 
1.711E+00 
1.792E+00 


JED 


oo 


9.081Е-03 
2.264E+03 
1.003Е+03 
5.612Е+02 
3.571Е+02 
2.463E+02 
1.796E+02 
1.364E+02 
1.068E+02 


8.565E+01 
3.592E+01 
1.879E«01 
1.103E+01 
6.936Е+00 
4.549Е+00 
3.062Е+00 
2.093Е+00 


1.439Е+00 
6.705Е-01 
2.887Е-01 
1.019E-01 
2.078E-02 


0.000Е+00 
1.468E-02 
5.050E-02 
9.885Е-02 
1.544Е-01 
2.138E-01 
2.749E-01 
3.362Е-01 
3.969E-01 
4.563E-01 
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s*/R 


eo 


4.093E« 00 
3.400E+00 
2.995E400 
2.707Еғ00 
2.485E+00 
2.303E+00 
2.150E«00 
2.017E«00 
1.900Е--00 


1.796E+00 
1.397E400 
1.118Е-00 
9.068E-01 
7.388Е-01 
6.016Е-01 
4.877E-01 
3.920E-01 


3.113E-01 
1.858E-01 
9.853E-02 
4.158E-02 
9.928Е-03 


0.000E+00 
9.168E-03 
3.541E-02 
7,709E-02 
1.329E-01 
2.016E-01 
2.824E-01 
3.742E-01 
4. 764E-01 
5.882E-01 
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Table 3.4 (continued) Fanno Line Functions 
k= L.1 

M TT* р/р” роро* vv*= pp ØD s*/R 
2,00 8.750E-01 4.677E-01 2.032Е+00 1.871Е+00 5.140E-01 7.089E-01 
2.10 8.603E-01 4.417E-01 2.312E+00 1.948E+00 5.698E-01 8.380E-01 
220 8.454Е-01 4.179E-01 2.651E+00 2.023E+00 6.237E-01 9.748E-01 
230 8.304E-01 3.962E-01 3.061Е+00 2.096Е--00 6.754E-01 1.119E+00 
2.40 8.152E-01 3.762Е-01 3.560E+00 2. 167E+00 7251E-01 1.270E«00 
2.50 8.000E-01 3.578E-01 4.165E+00 2.236E+00 7.726E-01 1.427Е+00 
2.60 7.848E-01 3.407E-01 4.901E+00 2.303 E+00 8.182E-01 1.590E+00 
2.70 7.695E-01 3.249E-01 5.799E+00 2.368E+00 8.617E-01 1.758E--00 
2.80 7.5АЗЕ-01 3.102Е-01 6.896E+00 2.432E+00 9.034E-01 1.931E+00 
2.90 7392E-01 2.965E-01 8.237E+00 2.493E+00 9.432Е-01 2.109Е+00 
3.00 7.241E-01 2.837E-01 9.880E+00 2.553 E+00 9812E-01 2.291 E+00 
3.10 7.092E-01 2.717E-01 1.190Е+01 2.611E+00 1.017E+00 2.476E+00 
3.20 6.944E-01 2.604E-01 1.438E+01 2.667E+00 1.052E+00 2.666E+00 
3.30 6,.798E-01 2.499E-01 1.743E+01 2.721E+00 1.085Е+00 2.858E+00 
3.40 6.654E-01 2.399E-01 2.119E+01 2.773E+00 1.117Е+00 3.054Е+00 
3.50 6.512Е-01 2.306Е-01 2.583Е+01 2.824Е+00 1.147Е+00 3.252E+00 
3.60 6.371E-01 2217Е-01 3.157E+01 2.874E+00 1.176E+00 3.452E+00 
3.70 6.233E-01 2, 134E-01 3.866E+01 2.921E+00 1204Е-00 3.655E+00 
3.80 6.098E-01 2.055E-01 4.743E+01 2.967E+00 1.230E+00 3.859Е+00 
3.90 5.964E-01 1.980E-01 §.829E+01 3.012E+00 1.256E-00 4.066E+00 
4.00 5.833E-01 1.909E-01 7.175E+01 3.055E+00 1.280FE+00 4.273Е+00 
4.50 5.217Е-01 1.605E-01 2.058Е+02 3.250Е+00 1.386Е+00 5327E+00 
5.00 4.667E-01 1.366E-01 S.97T7E«-02 3.416E+00 1.472E+00 6.393E+00 
J. AT RA /VILUIA ііі 1.72 1 >+ UD A AJOLA 1.04 DTU fT AS 
6.00 3.750Е-01 1.021Е-01 4.949E+03 3.674E+00 1.601E+00 — 8.507E«00 
6.50 3.373E-01 8.936E-02 1.388Е+04. 3.775E+00 1.649E+00 9.538E+00 
7.00 3.043Е-01 7.881Е-02 3.798E+04 3.862E+00 1.689E+00 1.054E+01 
7.50 2.754E-01 6.997Е-02 1.012Е+05 3.936Е+00 1.723 E+00 1.152E+01 
8.00 2.500E-01 6.250E-02 2.621 E+05 4.000Е+00 1.752Е-00 1.248E+01 
9.00 2.079Е-01 5.066Е-02. 1.614Е+06 4.104E+00 1.798E+00 1.429E+01 

10 1.750E-01 4.183E-02 8.874E+06 4.183E+00 1.832E+00 1.600E+01 

20 5.000E-02 1.118E-02 2.290E+ 12 4.472E+00 1.953Е+00 2.846E+01 

30 2.283E-02 5.036E-03 5.746E+ 15 4.532Е+00 1.977Е+00 3.629Е+01 
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k= 1.2 
T/T* р/р“ pofpo* viv* = pp fm s*/R 
1.100E+00 oo со 0.000Е+00 ж e 
1.100E+00 1.049Е+02 5.921E+01 1.049E-02 8.324E+03 4.081Е+00 
1.100Е-00 5.244Е+01 2.961E+01 2.098Е-02 2.075Е-03 3.388E+00 
1.100E+00 3.496Б-0бІ 1.974E+01 3.46Е-02 9188Е+02 2.983E+00 
1.100E+00 2.622E+01 1.481E+01 4.195E-02 §.142F+02 2.695Е-00 
1.100E+00 =. 2.097E+01 1.186Е+01 5.2АЗЕ-02 3.271E+02 2473E«00 
1.100E+00 1.748E+01 9.887E+00 6.292Е-02. 2.256Е-02 2291Е-00 
1.000Б-00 1.498E+01 8.480E+00 7340Е02 1.644E+02 2.138E+00 
1,099E+00 1311E+01 7.426E+00 8 388E-02 1.248E+02 2.005Е+00 
1.099E+00 1.165E+01 6.607E+00 9.435E-02 9.772E+01 1.888E+00 
1.099E+00 1.048E+01 5.953Е+00 1.048E-01 7.837E+01 1,784E+00 
1.0098E«00 — 6.984E«00 — 3.996E«00 1.571Б0І 3.281E+01 — 1385E«00 
1.096E+00 5.234E+00 3.026Е+00 2.093E-01 1.713E«01 1.107500 
1.093E+00 4.182E+00 2.451E+00 2.614E-01 1.004E+01 8.964E-01 
1.090E+00 — 3480E«00 2.073E+00 34Л32Б01 6.298E+00 7.290E-01 
1.087E+00 2.978E+00 1.809Е+00 3.649E-01 4.121E+00 5.926Е-01 
1.083Е+00 2.601E+00 1.615E+00 4.162E-01 2.768E+00 4.794E-01 
1.078E+00 2307Е-00 1.469E+00 4.673E-01 1. 887E+00 3.846E-01 
1.073E+00 2.072Е+00 1.356Е+00 5.180E-01 1.294Е+00 3.048E-01 
1.062E+00 1.717E+00 1.199E«-00 6,183E-01 5.999E-01 1.811E-01 
1.049E+00 1.463E+00 1.100Е--00 7.168E-01 2.570Е-01 9.557Е-02 
1.034E+00 1.271E+00 1.041E+00 8.134Е-01 9.016E-02 4.013E-02 
1.018Е+00 1.121Еғ00 1.010E+00 9.079E-01 1.828E-02 9.530Е-03 
1.00 1.000E«00 — 1.000E-00 1.000E+00 1.000E+00 0.000E+00  0.000E+00 
1.10 9.813E-01 9.005E-01 1.009E«-00 1.090Е+00 1277-02 8.700Е-03 
1.20 9.615E-01 8172501 1.0346+00 1177Е:00 4367Е02 3339Б02 
1:30 9410E-01 7462Е-01 1.075Е-00 1.261E+00 8.500Е-02 7225E.02 
1.40 9.197Е-01 6.850E-01 1.132Е+00 1.343Е+00 1.320Е-01 1.237E-01 
1.50 8.980E-01 6317E-01 1.205Е+00 1.421E+00 1.817E-01 1.865E-01 
1.60 8.758E-01 5.849Е-01 1.296E 00 1.497E+00 2.323E-01 2.594E-01 
1.70 8.534E-01 §.434E-01 1.407Е--00 1.570E+00 2.825E-01 3.414E-01 
1.80 8.308E-01 5.064E-01 1.540E+00 1.641E+00 3316E-01 4.316Е-01 
1.90 8.082E-01 4.732Е-01 1.697E+00 1,708E+00 3.79]E-01 5.291E-01 
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Table 3.4 (continued) Fanno Line Functions 
k=1.2 

M T/T* р/р” Ро/ро* viv* = p/p ЛАЛ s*/R 
2.00 7.857E-01 4.432Е-01 1.884E+00 1.773E+00 4.247E-01 6332E-01 
2.10 7.634E-01 4,160E-01 2.108 E«00 1.835Е-00 4.683E-01 7.432E-01 
2.20 7.412E-01 3.913E-01 2.359E+00 1.894E+00 5.099E-01 8.584E-01 
2.30 7.194E-01 3.688E-01 2.660Е+00 1.951Е+00 5.493Е-01 9.783Е-01 
2.40 6.980E-01 3.481E-01 3.011E+00 2.005E+00 5,868E-01 1.102E-00 
2.50 6.769E-01 3.291E-01 3.421Е+00 2.057Е+00 6.222Е-01 1.230E+00 
2.60 6.563E-01 3.116E-01 3.898E+00 2.106E+00 6.557E-01 1.361Е+00 
2.70 6.362E-01 2.954E-01 4.455E+00 2.154E+00 6.874E-01 1.494E+00 
2.80 6.166E-01 2.804E-01 5.103E+00 2.199E+00 7.173E-01 1.630E.-00 
2.90 5.975Е-01 2.665Е-01 §.858E+00 2.242E«00 7.456Е-01 1.768Е+00 
3.00 5.789Е-01 2.536E-01 6.735E+00 2.283 +00 7.724Е-01 1.907E+00 
3.10 5.609E-01 2.416E-01 7.755E+00 2.322E+00 7.9TTE-01 2.048Е+00 
3.20 §.435E-01 2.304Е-01 8.940E«00 2.359E+00 8.215E-01 2.191E+00 
3.30 5.266E-01 2.199Е-01 1.032E+01 2.395E+00 8&441E-01 2.334E+00 
3.40 5.102Е-01 2.101Е-01 1.191Е+01 2. 429Е+00 8.655Е-01 24T7E«00 
3.50 4.944Е-01 2.009E-01 1.376Е-01 2.461E+00 8.857Е-01 2.622E+00 
3.60 4.791E-01 1.923E-01 1.590E+01 2.492E«00 9 048E-01 2.766E+00 
3.70 4.6АЗЕ-01 1.842E-01 1.838Е-01 2.521Е+00 9.229E-01 2.911E«00 
3.80 4.501E-01 1.765E-01 2.124E+01 2.549E+00 9.401Е-01 3,056E+00 
3.90 4.363E-01 1.694E-01 2.454Е-01 2.576E+00 9. 563E-01 3.200E+00 
4.00 4.231E-01 1.626E-01 2.836Е+01 2.602E+00 9.718E-01 3.345E+00 
4.50 3.636E-01 1.340E-01 5.796Е+01 2.714E+00 1.088E-00 4.060E+00 
5.00 3.143E-01 1.121Е-01 1.163Е+02 2.803Е+00 1.000E-00 4.757Е+00 
5.50 2.733E-01 9.505E-02 2.281E+02 2.875Е+00 1.130E+00 5.430E+00 
6.00 2.391Е-01 8.150E-02 4.359E+02 2.934E+00 1.163Е+00 6.077E+00 
6.50 2.105Е-01 7.059E-02 8.108E+02 2.982E+00 1.190E+00 6.698E+00 
7.00 1.864E-01 6.168E-02 1.469E403 3.023E+00 1.212Е+00 — 7.292E«00 
7.50 1.660E-01 5.433E-02 2.593E+03 3.056E+00 1.230E+00 7.861E+00 
8.00 1.486E-01 4.819E-02 4.467Е-03 3.084Е+00 1245ЕҒ00 8404Е+00 
9.00 1.209Е-01 3.863E-02 1.238E+04 3.129E+00 1.268E+00 9.424E+00 

10 1.000E-01 3.162E-02 3.162E+04 3.162E+00 1.286E+00 1.036E+01 

20 2.683E-02 8.190E-03 2.196E+07 3.276E+00 1.344Е+00 1.690Е+01 

30 1.209E-02 3.665E-08 1.175E+09 3.298Е+00 1356E+00 2 088Е+01 
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k= 1.3 
M T/T* р/р" Po/po* 

0.00 1.150E+00 m a 

0.01 1.150E+00 1.072Е-02 5.853Е+01 
0.02 1.150E+00 5.362E+01 2.927Е+01 
0.03 1.150E+00 3.574E+01 1.952Е+01 
004 1.150Е+00 2 681Е+01 1.464E+01 
0.05 1.150E+00 2.144Е+01 1.172E+01 
0.06 1.149E+00 1.787E+01 9.774Е+00 
0.07 1.149Е+00 1.531Е+01 8.384E+00 
0.08 1.149Е+00 1.340Е+01 7.342E+00 
0.09 1.149E+00 1.191Е+01 6.533Е+00 
0.10 1.148E+00 1.072E+01 5.886E+00 
0.15 1.146E+00 7.137E+00 3.952Е+00 
0.20 1.143E+00 5.346E+00 2.994F+00 
0.25 1.139Е+00 4.270E+00 2.426Е+00 
0.30 1.135Е+00 3.551E+00 2.054E+00 
0.35 13129E-00 3.036Е+00 1.793E+00 
0.40 1.123E+00 2.649E+00 L.602E+00 
0.45 1.116E+00 2348E«00 1.459E+00 
0.50 1.108E+00 2.106E-00 1.348Е--00 
0.60 1.091E+00 1.741 E-00 1.193Е+00 
0.70 1.071Е+00 1.479E+00 1.097E+00 
0.80 1.049E+00 1.280Е+00 1.040E+00 
0.90 1.025E+00 1.125E+00 1.009E+00 
1.00 1.000E+00 1.000E+00 1.000E+00 
1.10 9/733E-01 8.969E-01 1.008E+00 
1.20 9.457E-01 8.104E-01 1.032E+00 
1.30 9.174E-01 7 368E-01 1.070E+00 
1.40 8.887E-01 6.734E-01 І.123Е-00 
1.50 8.598E-01 6.182E-01 1.189E+00 
1.60 8.309E-01 5.697E-01 1.271E+00 
1.70 8.022E-01 5.269E-01 1.369E«00 
1.80 7.739Е-01 4.887Е-01 1.484E+00 
1.90 7.460Е-01 4.546Е-01 1.618E+00 


viv* = p*/p 


0.000E+00 
1.072Е-02 
2.145Е-02 
3.217Е-02 
4.289Е-02 
5.361Е-02 
6.433E-02 
7.504E-02 
8.575E-02 
9.646E-02 


1.072E-01 
1.606E-01 
2.138E-01 
2.668E-01 
3.196E-01 
3.719Е-01 
4.239E-01 
4.754Е-01 


5.264E-01 
6.267E-01 
7 2ASE-01 
8.195Е-01 
9.114Е-01 


1.000E+00 
1.085E+00 
1.167E+00 
1.245Е+00 
1.320Е+00 
1.391Е+00 
1.458Е+00 
1.523Е+00 
1.583E+00 
1.641E+00 


Амр 


e 


7.684Е+03 
1.916Е+03 
8.479E+02 
4.744E+02 
3.017E+02 
2.081Е+02 
1.516Е+02 
1.151Е+02 
9.006Е+01 


7.220Е-01 
3.018E+01 
1.573E+01 
9.201E+00 
5.759E+00 
3.760E+00 
2.520E+00 
1.714E+00 


1.172E+00 
5.409E-01 
2.305Е-01 
8.045Е-02 
1.623Е-02 


0.000Е--00 
1.122Е-02 
3.816Е-02 
7.388Е-02 
1.142Е-01 
1.564Е-01 
1.990E-01 
2.408E-01 
2.814Е-01 
3.203Е-01 


s*/R 


o 


4.069E+00 
3.376E+00 
2.971E+00 
2.684E+00 
2.461E+00 
2.280E+00 
2.126E+00 
1.994E+00 
1.877Е+00 


1.773E+00 
1.374Е+00 
1.097E+00 
8.863E-01 
7.196E-01 
5.839Е-01 
4.714E-01 
3.775E-01 


2.985Е-01 
1.767Е-01 
9.280Е-02 
3.878E-02 
9.164E-03 


0.000E+00 
8.278E-03 
3.160E-02 
6.798E-02 
1.158Е-01 
1.735E-01 
2.400E-01 
3.141E-01 
3.948E-01 
4.81ЗЕ-01 





























126 Chapter 3 
Table 3.4 (continued) Fanno Line Functions 
k=13 

M T/T* р/р” pofpo* viv* = pip JL*ID s*/R 
2.00 7.188E-01 4.239Е-01 1.773E+00 1.696E+00 3.573E-01 5/728E-01 
2.10 6.921E-01 3.962E-01 1.951E+00 1.747E+00 3.924E-01 6.686Е-01 
2.20 6.663E-01 3.7 10E-01 2.156E+00 1.796E+00 4.255E-01 7.680E-0] 
230 6.412E-01 3.482E-01 2.388E+00 1.842E+00 4.5GTE-01 8.707E-01 
2.40 6.170E-01 3.273E-01 2.654E+00 1.885E+00 4.860E-01 9759E-01 
2.50 5.935Е-01 3.082E-01 2.954E+00 1.926E+00 5.135E-01 1.083Е+0 
2.60 5.710E-01 2.906E-01 3.295E+00 1.965E+00 §.394E-01 1.193Е+0 
2.70 5.493E-01 2.745Е-01 3.681E+00 2.001E+00 5.636Е-01 1.303Е+0 
280 5.285Е-01 2.596Е-01 4.116E+00 2.036E+00 5.864E-01 1.415E+(X 
2.90 5.085Е-01 2.459E-01 4.607E+00 2.068E+00 6.077E-01 1.528Е+0 
3.00 4.894E-01 2.332Е-01 5.160E+00 2.099E+00 6.277E-01 1.641E-0C 
3.10 4.710E-01 2.214E-01 5.781E+00 2.128E+00 6.465E-01 1.755Е+0 
3.20 4.535E-01 2.104Е-01 6.478E+00 2.155E+00 6.642E-01 1.868E+0 
3.30 4367E-01 2.002E-01 7.259E+00 2.181E+00 6.808E-01 1.982E«Q 
3.40 4.206E-01 1.908E-01 8.133E+00 2.205Е+00 6.964E-01 2.096E+ 
3.50 4.053E-01 1.819E-01 9.110Е+00 2.228Е+00 7.110Е-01 2.209E+ 
3.60 3.906E-01 1.736E-01 1.020E+01 2.250E+00 7.248Е-01 2.322E+0( 
3.70 3.766Е-01 1.659E-01 1.142E+01 2271Е+00 73796-01 2.435Е+0 
3.80 3.632Е-01 1.586E-01 1.277E+01 2.290E+00 7.501E-01 2.547Е+0 
3.90 3.504E-01 1.518E-01 1.427F+01 2.309E+00 7.617E-01 2.658Е+(Х 
4.00 3.382Е-01 1.454Е-01 1.594E+01 2.326E+00 7.726Е-01 2.769E+(X 
4.50 2.848E-01 1.186E-01 2.739E+01 2.402E+00 8.189E-01 3.310E+ 
5.00 2.421E-01 9 841E-02 4.596E+01 2.460E+00 8.543E-01 3.82RE«(X 
5.50 2.077E-O1 8.280Е-02 7 522E+01 2.506E+00 &.8I9E-01 4 320E4*( 
6.00 1.797E-01 7.065Е-02 1.201E+02 2.543E+00 9.037E-01 4/78RECQ 
6.50 1.567E-01 6.091E-02 1.872Е+02 2.573Е+00 9212Е-01 5.232Е+0 
7.00 1.377Е-01 5.302E-02 2.853E+02 2.598E+00 9.355E-01 5.654E+(X 
7.50 1.219Е-01 4.654Е-02 4.258E+02 2.618E+00 9.472E-01 6.054Е+0 
8.00 1.085E-01 4.117E-02 6.231E+02 2.635E+00 9,570Е-01 6435E+(X 
9.00 8.745E-02 3.286E-02 1.266E+03 2.662E+00 9,722E-01 7.143E« (X 
10 7.188E-02 2.68 1E-02 2.416Е+03 2.681E+00 9.832E-01 71 790E- 0 
20 1.885E-02 6.865Е-03 2.042E+05 2.746E+00 1.020E+00 1.223Е+0. 
30 8.456Е-03 3.065Е-03 2.943Е+06 2.759E+00 1.027E+00 1.489E+0: 
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k= 14 

M T/T* р/р“ Po/po* vlv* = p*/p Аар s*R 
0.00 1.200E+00 oa © 0.000E+00 eo e 
0.01 1.200E+00 1.095E+02 5.787E+01 1.095E-02 7.134Е+03 4.058Е+00 
0.02 1200Е-50 5.477Е+01 2.894Е+01 2.191Е-02 1.778Е+03 3.365Е+00 
0.03 1.200E+00 = 3.651 E+01 1.930Е+01 3.286E-02 7871Е-02 2.960E+00 
0.04 1200E-00 2.738Е+01 1.448E+01 4.381E-02 4.404E+02 2.673E+00 
0.05 1.199E+00 2.190Е+01 1.159E+01 5.476E-02 2.800E-02 2.450Е-00 
0.06 1.199E+00 1.825Е+01 9.666E+00 6.570Е-02 1.930Е-02 2.269Е+00 
0.07 1.199E+00 1.564E+01 8.292E+00 7.664E-02 1.407E+02 2.115Е+00 
0.08 1.198E+00 1368E+01 7.262E+00 8.758Е-02 1.007E«02  1.983E+00 
0.09 1.198E+00 1.216E-01 6461E+00 9.851E-02 8350E«01 1.866E+00 
0.10 1.198E+00 1.094F+01 5.822E+00 1.094E-01 6.692E+01 1.762E+00 
0.15 1.195E+00 7.287E+00 3.910E+00 1.639E-01 2.793E+01 1.364Е+00 
0.20 1.190E+00 5455Е-00 2.964E+00 2.182E-01 1.453E+01 1.086E+00 
0.25 1.185E+00 4355E+00 2405-00 2.722E-01 8.483E+00 8.766E-01 
0.30 1.179E+00 3.619E+00 2.035E+00 3.257E-01 5.299E+00 7.105Е-01 
035 1.171Е+00 3.092Е+00 1.778Е+00 3.788E-01 3452E«00 5.755601 
0.40 1.163E+00 2.696Е+00 1.590Е+00 4313Е-01 2.308Е+00 4.638Е-01 
0.45 1.153E+00 2386Е-00 14495-00 4.833Е-01 1.566Е+00 3.706Е-01 
0.50 1.143E+00 — 2.138E«00 1340E+00 5.345Е-01 1.069E+00 2.926Е-01 
0.60 1.119E+00 1.763E+00 1.188Е+00 — 6348E-01 4.908E-01 1.724Е-01 
0.70 1.093E+00 1.493Е+00 1.094Е+00 7318E-01 2.081Е-01 9.018Е-02 
0.80 1.064E+00 1.289E+00 1.038Е+00 — 8251E-01 7.229Е-02 3.752E-02 
0.90 1.033E+00 1.129Е+00 1.009Е+00 9.146Е-01 1.451Е-02 8.824Е-03 
1.00 1.000Е+00 1.000Е+00 1.000Е+00 — 1.000E«00 0.000Е+00 0.000Е+00 
110 9.662Е-01 8.936E-01 1.008E-00 1.081Е+00 9.935E-0 7.894Е-03 
1.20 9317Е-01 8.044E-01 1.030E+00 — 1.158E«00 3364Е-02 2.999E-02 
1.30 8.969E-01 7.285Е-01 1.066E+00 1.231Е+00 — 6483E-02 6.420E-02 
1.40 8.621E-01 6.632E-01 1.115Е+00 1300E+00 9.974Е-02 1.088E-01 
1.50 8.276E-01 6.065E-01 1.176E+00 1.365Е+00 1.361E-01 1.623E-01 
1.60 7.93TE-01 5.568E-01 1.250E«00 — 1.425E«00 1.724E-01 2 233E-01 

20 7.605E-01 5.130E-01 1338E+00 1482E+00 2.078Е-01 2.909E-01 


80 7.292Е-01 4.741Е-01 1.439Е+00 1.536Е+00 — 2419E-01 3.639Е-01 
50 6.969E-01 4.394E-01 1.555Е+00 1.586E+00 2.743Е-01 4.416Е-01 
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Table 3.4 (continued) Fanno Line Functions 
k= 1.4 

M TT* р/р" pofpo* viv* = p*ip JL*/D s*/R 
2.00 6.667E-01 4.082E-01 1.688E+00 1.633E+00 3.050E-01 5.232E-01 
2.10 6.376E-01 3.802E-01 1.837E+00 1.677E+00 3.339Е-01 6.081Е-01 
2.20 6.098E-01 3.549E-01 2.005E+00 1.718E+00 3.609E-01 6.956E-01 
230 5.831 E-01 3.320E-01 2.193E+00 1.756E+00 3.862E-01 7.853E-01 
2.40 5.576E-01 3.111E-01 2.403E+00 1.792E+00 4.099E-01 8.768E-01 
2.50 5333E-01 2921E-01 2.637Е+00 1.826E+00 4.320Е-01 9.695E-01 
2.60 5.102Е-01 2.747Е-01 2.896E+00 1.857E+00 4.526E-01 1.063Е+00 
2.70 4.882801 2.588E-01 3.183E+00 1.887E+00 4.718E-01 1.158Е+00 
2.80 4.673E-01 2.441E-01 3.500E+00 1.914E+00 4.898E-01 1.253E+00 
2.90 4.474Е-01 2.307Е-01 3.850E+00 1.940E+00 5.065E-01 1.348E+00 
3.00 4.286E-01 2.182E-01 4.235E+00 1.964E+00 5.222E-01 1.443E+00 
3.10 4.107Е-01 2.067Е-01 4.657Е+00 1.987E+00 5.368E-01 1.538E+00 
3.20 3.937E-01 1. 961E-01 §.121E+00 2.008E+00 5.504E-01 1.633 E+00 
3.30 3.776E-01 1.862E-01 5.629E+00 2.028E+00 5.632E-01 1.728E+00 
3.40 3.623E-01 1.770Е-01 6.184Е+00  2.047E+00 5.752E-01 1.822E+00 
3.50 3.478E-01 1.685E-01 6.790E+00 2.064E+00 §.864E-01 1.915E+00 
3.60 3.341E-01 1.606E-01 7.450E+00 2.081E+00 5.970Е-01 2.008E+00 
3.70 3,210Е-01 1.531E-01 8.169E+00 2.096Е+00 6.068E-01 2.100Е+00 
3.80 3.086Е-01 1.462Е-01 8.951E+00 2111Е+00 6.161Е-01 2.192Е+00 
3.90 2.969Е-01 1.397Е-01 9799E-00 2.125Е+00 6.248E-01 2.282 E00 
4.00 2.857E-01 1.336E-01 1.072Е+01 2.138E+00 6331E-01 2.372E+00 
4.50 2.376Е-01 1.083Е-01 1.656Е+01 2.194E+00 6.676Е-01 2.807E+00 
5.00 2.000E-01 8.944E-02 2.500E+01 2.236E+00 6.938Е-01 3.219E+00 
5.50 1.702E-01 7.501Е-02 3.687E«01 2.269E+00 7.440E-01 3.607Е+00 
6.00 1.463Е-01 6.376Е-02 5318E«01 2.295Б-00 7.299Е-01 3.974E+00 
6.50 1.270Е-01 54825-02 7.513E«01 2.316E+00 7.425E-01 4.319Е+00 
7.00 1.111E-01 4.762E-02 1. 041E+02 2.333E+00 7.528E-01 4.646Е+00 
7.50 9.796E-02 4.173E-02 1.418E+02 2347Е+00 7.612Е-01 4.955E+00 
8.00 8.696E-02 3.686E-02 1.901E+02 2.359Е+00 7.682E-01 5.248E+00 
9.00 6.977E-02 2.935E-02 3.272E+02 23T7E-00 7.790E-01 5.791Е+00 

10 57]4E-02 2.390E-02 5.359E+02  2390E«00 7.868E-01 6.284E+00 

20 1.48] E-02 6.086E-03 1.538Е+04 2.434E+00 8.126E-01 9.641E+00 

30 6.630E-03 2.714E-03 1.144Е+05 2 443Е+00 8.176E-01 1.165E+01 
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k= 1.5 
M TT* р/р” роро* viv¥= pp  fLAD s*/R 

0.00 1.250E+00 e o 0.000E+00 о on 

0.01 1.250Е+00 1.118Е+02 5.725Е-01 1.118E-02 6.659Е+03 4.047Е+00 
0.02 1.250Е+00 5.590Е+01 2.B63E«01 2.236Е-02 1.660Е+03 3.354Е+00 
0.03 1,250E+00 3.726E+01 1.909E+01 3.354Е-02 7344E+02 2.949E+00 
0.04 1.250E+00 2.795E401 1.433E+01 4.471Е-02 4.108E+02 2.662E+00 
0.05 1.249Е+00 2.235E+01 1.147E+01 5.588E-02 2.612E+02 2.439E+00 
0.06 1.249E+00 1.863E+01 9.562E+00 6.705E-02 1.800E+02 2.258E+00 
0.07 1.248E+00 1.596E+01 8.203E+00 7.821Е-02 1311E+02 2.104E+00 
0.08 1.248E+00 1.396E+01 7.184E+00 8.937E-02 9.948Е+01 1.972E+00 
0.09 1.247E+00 1.241E+01 6.393Е+00 1.005601 7.781E+01 1.855E+00 
0.10 1.247E+00 1.117Е+01 5.760E+00 1.117E-01 6.235E+01 1.751E+00 
0.15 1.243E+00 7.433E+00 3.870E+00 1.672E-01 2.598E«01  1.353E+00 
0.20 1.238Б--00 5.562Е 00 2.934E+00 2.225E-01 1.350E+01 1.076E+00 
0.25 1.231Е+00 4.438Е+00 2380Е+00 2.774E-01 7.863E+00 8.672E-01 
0.30 1.222E+00 3.686E+00 2.017E+00 3.317E-01 4.902E+00 7.017Е-01 
0.35 1.213E+00 3.147Е+00 1.764E+00 3.855E-01 3.187E+00 5.674Е-01 
0.40 1.202E+00 2.741E+00 1,579E+00 4385E-01 2.126E+00 4.565Е-01 
0.45 1.190E+00 2.424E+00 1.439E+00 4,908E-01 1.439E+00 3.641E-01 
0.50 1.176Е+00 2.169E«00 1.332E+00 5,423Е-01 9.802E-01 2. 868E-01 
0.60 1.147Е+00 1.785E+00 1.183E+00 6.425E-01 4.479E-01 1.684E-01 
0.70 1.114Е+00 1.508Е+00 1.092Е+00 7.387E-01 1.891E-01 8.771Е-02 
0.80 1.078E+00 1.298E+00 1.037E+00 8.305Е-01 6.536Е-02 3.633E-02 
0.90 1.040Е+00 1.133E+00 1.009E+00 9.176E-01 1.306E-02 8.508Е-03 
1.00 1.00GE+00 1.000E+00 1.000E+00 1.000E+00 0.000E+00 0.000E+00 
1.10 9 597E-01 8.906E-01 1.008E+00 1.078E+00 8.863E-03 7.545E-08 
1.20 9.191E-01 7.989E-01 1.029E+00 1.150E+00 2.988E-02 2.853E-02 
130 8.787E-01 7 211E-01 1.063 E+00 1.219Е+00 5736E-02 6.082E-02 
1.40 8389E-01 6.542E-01 1.108E+00 1.282E+00 8.790E-02 1.026E-01 
1.50 8.000E-01 5.963E-01 1.165E+00 1.342E+00 1.195Е-01 1.524E-01 
1.60 7.622E-01 5.456Е-01 1.232E+00 1397E+00 1.508Е-0І 2.089E-01 
1.70 7.257E-01 5011E-01 1311E+00  1448E-00 — 1812E 01 2.710E-01 
1.80 6.906E-01 4.617E-01 1.402E+00 1.496E+00 2.103E-01 3377E-01 
1.90 6.570Е-01 4.266Е-01 1.504Е+00 1.540Е+00 23776-01 4.082E-01 


130 Сһаріег 3 





Table 3.4 (continued) Fanno Line Functions 
k= 1.5 

M Т/І” р/р” Po/po* ууж = рер JD s*/R 
2.00 6.250E-01 3.953E-01 1.619E+00 1.581E+00 2.636E-01 4.819E-01 
2.10 §.945E-01 3.672E-01 1.747E+00 1.619E+00 2.877Е-01 5.580E-01 
2.20 5.656Е-01 3.419Е-01 1.889E+00 1.655E+00 3.108E-01 6.362E-01 
2.30 §.382E-01 3.190E-01 2.046E+00 1.687E+00 3313E-01 7.158E-01 
2.40 5.123Е-01 2.982E-01 2.218E+00 1.718E+00 3.508E-01 7.967Е-01 
2.50 4.878E-01 2.794E-01 2407E«00 1.746E+00 3.690E-01 8.783E-01 
2.60 4.647E-01 2.622Е-01 2.613E+00 1.772E+00 3.858E-01 9.605Е-01 
2.70 4.429E-01 2.465E-01 2.338E+00 1.797E+00 4.015E-01 1.043E«00 
2.80 4.223E-01 2.321E-01 3.082E+00 1.820E+00 4.160E-01 1.125E+00 
2.90 4.029E-01 2.189E-01 3.347E+00 1.841Е+00 4.296E-01 1.208E+00 
3.00 3,846Е-01 2.067E-01 3.633Е+00 1.861Е+00 4.422E-01 1.290Е+00 
3.10 3.674Е-01 1.955Е-01 3.943E+00 1.879E+00 4.539E-01 1.372E+00 
3.20 3.511E-01 1.852E-01 4.278E+00 1.896E+00 4.648E-01 1.453E+00 
3.30 3.358E-01 1.756E-01 4.638E+00 1.912E+00 4.750Е-01 1.534E+00 
3.40 3.213E-01 1.667E-01 5.025E+00 1.927E+00 4.846E-01 1.614E+00 
350 3.077E-01 1.585Е-01 5.441E+00 1.941Е+00 4.935Е-01 1.694E+00 
3.60 2.948Е-01 1.508E-01 5.886E+00 1.955E+00 5.018E-01 1.773E+00 
3.70 2.826E-01 1.437E-01 6.363 E+00 1.967E+00 5.096E-01 1.851E+00 
3.80 2.711E-01 1.370E-01 6.874E+00 1.979E+00 5.169E-01 1.928E+00 
3.90 2.60ЗЕ-01 1.308E-01 7 419Е+00 1.990E+00 5.238E-01 2,004E+00 
4.00 2.500E-01 1.250E-01 8.000E+00 2.000E+00 5.302Е-01 2.079E+00 
4.50 2.062E-01 1.009E-01 1.151E+01 2.043Е+00 5.572Е-01 2.443E+00 
5.00 1.72A4E-01 8.305Е-02 1.620E+01 2.076E+00 5.775Е-01 2.785E+00 
550 1.460E-01 6.947E-02 2.233E«01 2.101E«-00 5.931E-01 3.106E+00 
6.00 1.250E-01 5.893E-02 3.017E« 01 2.121E«00 6.052E-01 3.407E+00 
6.50 1.081E-01 5.058E-02 4.004E+01 2.137E+00 6.149E-01 3.690E+00 
7.00 9.434F-02 4.388E-02 5.226Е+01 2.150Е+00 6.227E-01 3.956E+00 
7.50 8.299E-02 3.841E-02 6.721E+01 2.161E+00 6.291E-01 4.208E+00 
8.00 7.353Е-02 3.390E-02 8.526E+01 2.169E+00 6344E-01 4.446E+00 
9.00 5.882E-02 2.695E-02 1.324E+02 2.183E+00 6.426E-01 4.886Е+00 

10 4.808E-02 2. 193E-02 1.973E+02 2.193E+00 6.485E-01 5.285E+00 
20 1.238E-02 5.562E-03 2.934E+03 2.225E+00 6.679E-01 7.984Е--00 
30 5.531Е-03 2 479Е-03 1.465Е+04 2.231Е+00 6.716Е-01 9.592Е-00 
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k= 5/3 
M T/T* р/р” роо“ vív* = рер JL*ID s*/R 

0.00 1.335E+00 © 50 0.000E+00 e e 

0.01 1.335Е+00 1.155Е--02 5.623Е+01 1.155Е-02 5.980E+03 4.030E+00 
0.02 1.335E+00 5.777Е+01 2.812E+01 2.311E-02 1.490E+03 3.337Е+00 
003 1.335Е+00 3.851Е+01 1.875E+01 3.466E-02 6.594Е+02 2.931Е+00 
0.04 1.334E+00 2.888E+01 1.497E 401 4.620Е-02 3.687E+02 2.644E+00 
0.05 1.334E+00 2.310E+01 1.126E+01 5.775E-02 2344Е+02 2.422E+00 
0.06 1.333Е+00 1.925E+01 9.394Е+00 6.928E-02 1.615E+02 2.240E+00 
0.07 1.333Е+00 1.649E+01 8.059E+00 8.081E-02 1.176E+02 2.087E+00 
0.08 1.332Е+00 1.443E+01 7.059E+00 9.233E-02 8.916E+01 1.954E+00 
0.09 1.331Е+00 1.282Е+01 6.282E+00 1.038E-01 6.971 E+01 1.838E+00 
0.10 1331Е+00 1.153Е+01 5.661Е+00 1.153Е-01 5.583E+01 1.734E+00 
0.15 1.325E+00 7.674Е+00 3.805Е+00 1.727Е-01 2321E«01 1.336E+00 
0.20 1.317Е--00 5.739E+00 2.887E+00 2.296E-01 1.202Е+01 1.060E+00 
0.25 1.308E«00 4.574E+00 2.344E400 2.859E-01 6.980E+00 8.519Е-01 
0.30 1.296E+00 3.795Е+00 1.989Е+00 3.415Е-01 4.337Е+00 6.875Е-01 
0.35 1.282E+00 3.235E+00 1.741E+00 3.963E-01 2.810Е--00 5.54ЗЕ-01 
040 1.267Е+00 2.814E+00 1.560E+00 4.503E-01 1.868E+00 4.446E-01 
045 1.250E+00 2.485E+00 1.424Е+00 5.032Е-01 1.260Е--00 3.536E-01 
0.50 1.232E+00 2.220E+00 1.320E+00 5.549E-01 & 549E-01 2.777Е-01 
0.60 1.191E+00 1.819E+00 1.176E+00 6.549E-01 3.878E-01 1.620E-01 
0.70 1.147E+00 1.530E+00 1.087E+00 7.496E-01 1.625E-01 8.382E-02 
0.80 1.099E+00 1311Е+00 1.035Е+00 8.388E-01 5.575E-02 3.449E-02 
0.90 1.050E+00 1.139E+00 1.008E+00 9,.223E-01 1.106E-02 8.021Е-03 
1.00 1.000E+00 1.000E+00 1.000E+00 1.000E+00 0.000Е--00 0.000E+00 
1.10 9.499Е-01 8.860E-01 1.007E--00 1.072E+00 7.404Е-03 7.017Е-03 
1.20 9.006Е-01 7 908E-01 1.027E+00 1.139E+00 2.481E-02 2.636E-02 
1.30 8.524E-01 7.102Е-01 1.057E+00 1.200E+00 4.733E-02 5.582E-02 
1.40 8.059E-01 6.412E-01 1.098E+00 1.257Е--00 7.212E-02 9.359E-02 
1.50 7.612E-01 5.817E-01 1.148E+00 1,309E+00 9.749Е-02 1.381E-01 
1.60 7.187E-01 5.298E-01 1.207E+00 1.356E+00 1.225Е-01 1.882E-01 
1.70 6.783Е-01 4.845601 1.275Е+00 1.400E+00 1.465E-01 2.428E-01 
1.80 6.402E-01 4.445E-01 1351E+00 1.440E+00 1.692E-01 3.009E-01 
1.90 6.043E-01 4.091E-01 1.436E+00 1.477E+00 1.906E-01 3.619Е-01 
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Table 3.4 (continued) Fanno Line Functions 
k- 5 

M T/T* р/р” ро/ро” viv* = p*ip fD s*/R 
2.00 5.705E-01 3.777E-01 1.530E+00 1.511E+00 2.105Е-01 4.251E-01 
2.10 53389E-01 3.496E-01 1.632E+00 1.542E+00 2.290E-01 4.900E-01 
2.20 5.093E-01 3.244E-01 1.744E+00 1.570E+00 2461E-01 5.561E-01 
230 4.816Е-01 3.017Е-01 1.865E+00 1.596E+00 2.619Е-01 6.230E-01 
2.40 4.55ТЕ-01 2.813E-01 1.995E+00 1.620E+00 2.766E-01 6.905E-01 
2.50 4315E-01 2.628E-01 2.135E+00 1.642E+00 2.901E-01 7.S83E-01 
2.60 4.089E-01 2.460E-01 2.285E«00 1.663E+00 3.026E-01 8.262E-01 
2.70 3.878E-01 2.307Е-0і 2.445E+00 1.681E+00 3.142E-01 8.940Е-01 
2.80 3.681E-01 2.167E-01 2.616E+00 1.699E+00 3.249Е-01 9.615E-01 
2.90 3.497Е-01 2.039E-01 2.797E+00 1.715E+00 3.348Е-01 1.029Е+00 
3.00 3.325E-01 1.922E-01 2.990E+00 1.730E+00 3.440E-01 1.095E+00 
3.10 3.164E-01 1.814E-01 3.195E+00 1.744E+00 3.525E-01 1.162E+00 
3.20 3.013E-01 1.715E-01 3.411Е+00 1.757Е+00 3.604Е-01 1.227E+00 
3.30 2.872E-01 1.624Е-01 3.639E+00 1.769E+00 3.677E-01 1.292E+00 
3.40 2.740Е-01 1.540E-01 3.880E+00 1.780E+00 3.746E-01 1.356E+00 
3.S0 2.616E-01 1.461E-01 4.134Е+00 1.790E+00 3.810E-01 1.419E+00 
3.60 2.499E-01 1.389E-01 4.401 E-00 1.800E«00 3.869E-01 1.А82Е+00 
3.70 2.390E-01 1.321E-01 4.682E+00 1. 809E+00 3.925E-01 1.544E+00 
3.80 2.287Е-01 1.258E-01 4.976E+00 1.817E+00 3.977Е-01 1.605E+00 
3.90 2.190Е-01 1.200Е-01 5.285E+00 1.825E+00 4.025E-01 1.665E.-00 
4.00 2.099E-01 1.145E-01 5.608E+00 1.833E+00 4.071E-01 1.724E+00 
4.50 1.715E-01 9.203 E-02 7.456E+00 1.864E+00 4.261E-01 2.009E+00 
5.00 1.424E-01 7.54TE-02 9.721E+00 1.887Е+00 4.402Е-01 2.274Е+00 
5.50 1.199Е-01 6.296E-02 1.245E401 1.905E+00 4.510Е-01 2.522E400 
6.00 1.022E-01 5.329Е-02 1.568E+01 1.918E+00 4.594Е-01 2.752E+00 
6.50 8.810E-02 4.566E-02 1.947E+01 1.929E+00 4.660E-01 2.969E+00 
7.00 7.666Е-02 3.955E-02 2.385E+01 1.938E+00 4.714E-01 3.172E+00 
7.50 6.728Е-02 3.458Е 02 2.8876+01 1.945600 4.75ТЕ-01 3.363E+00 
8.00 5.949E-02 3.049E-02 3.458E+01 1.951E+00 4.793E-01 3.543Е+00 
9.00 4.745Е-02 2.420Е-02 4.824E+01 1.960E+00 4.849Е-01 3.876E+00 

10 3.870E-02 1.967E-02 6.518E+01 1.967E+00 4.889E-01 4.177E+00 

20 9.889E-08 4.972Е-03 4.940E+02 1.989E+00 5.020E-01 6.203E+00 

30 4413E-03 2.214Е-03 1.644Е+03 1.993E+00 5.044E-01 7.405Е+00 
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Function Equation(s) 
r 

= 3.167 

Т” 

Р 3.170 

р 

Po 3.174 

Pot 

20. 3.176, 3.177 
р р 

fL 

—— 3.166 
D 

5ж 

-- 3.172 

R 


In using Table 3.4 it should be again noted, as in Tables 3.1 and 3.3, that all 
data are based on the assumption that the gas is ideal and that the molecular 
weight. specific heats. and ratios of specific heats are constant. Table D.2 
gives values of & for ideal gases as a function of temperature. When the 
temperature range is known before calculations, the average value of k 
should be used. If one of the temperatures is not known, use the & value 
for the known temperature, and check for variation after the other is com- 
puted. 


Application of Fanno Flow Functions 


Figure 3.17 shows a real pipe and two imaginary pipes. The first imagin- 
ary pipe has the length required to pass the gas from a Mach number of Mj 
(inlet Mach number of the real pipe) to sonic velocity M*. The second 
imaginary pipe has the length required to pass the gas from a Mach number 
of M» (exit Mach number of the real pipe) to sonic velocity M. 

The length of the pipe L may be calculated as follows: The maximum 
length of an imaginary pipe /L, */D is obtained from Table 3.4 [or com- 
puted from equation (3.166)] fora Mach number of Mi. In like manner, the 
maximum length {/Z,°/D is obtained for a Mach number of M. for the 
second imaginary pipe. The length £ of the real pipe is then calculated 
from the following: 


ie EAD - (5c cas элле 


т 
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Figure 3.17 Notation for equation (3.178). 


Isothermal Flow in Constant-Area Ducts with Friction 


As demonstrated in this section, the limiting Mach number for isothermal 
flow is 1/&'^. For Mach numbers less than this value, the pipe must be 
heated to maintain isothermal flow; for Mach numbers greater than 1/&!^, 
the pipe must be cooled to maintain isothermal flow. Flow in gas transmis- 
sion pipelines is essentially tsothermal. These lines are uninsulated and their 
flowing temperature is very close to ambient temperature. Flows in these 
lines are at low Mach numbers, significantly less than Lal Figure 3.18 
shows relations for isothermal flow. 


General Considerations 


Isothermal compressible flow of an ideal gas with friction in a constant- 
area duct must satisfy the following requirements: 


|l. Te ideal gas law: The equation of state for an ideal gas is equation 


(1.37): 
pv = RT (1.37) 


2. The process relationship: For an ideal gas undergoing an isothermal 
process, this relationship is given by equation (1.31); the numerical 
value of the process exponent is 5 = 1: 


pu” = pu) = pi, = pas = RT (3.179) 
3. Constant-area duct: The flow area must be the same at all sections: 


А= Ар = A= eS A, 
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Figure 3.18 Notation for Isothermal flow. 


4. Conservation of mass: The continuity equation may be expressed as 








follows: 
т 44е -ír (3.6) 
u V| Us 
5. Equation of motion: 
edt f 


6. Heat transfer: The general energy equation for an idea] gas (3.56) in the 
absence of flow work, for a horizontal pipe, and for an isothermal 
process becomes the following: 





а- (3.180) 
2g. 


7. Stagnation properties: Flowing fluid properties at Mach number M are 
assumed to achieve the stagnation state (M — 0) by an isentropic pro- 
cess. so the relations developed in Section 3.4 may be applied: 


T, = al + (=) м) (3.99) 
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Ро = p + (5 “м T g (3.100) 


z 


k —] 5 ДА 1) 
by =|| +( у (3.101) 


Pressure Loss 





to 





кә 


An equation for the calculation of pressure loss for isothermal flaw may 
be developed as follows. Multiplying equation (3.150) by 2g,/e7 results in 
the following: 




















: die 2 AN p do ; 
= + v w 4t. - o (7) = -( E). а (2 re ағ. 
2 nU f 
«тл mp doct (3.181) 
г U D 


Substituting from the ideal gas continuity equation — (ғЕТ/Ару and 
v — RT /p from the equation of state (1.37) in equation (3.181) yields the 
following: 





2 2 2 2 2g p f 
= do oe рар 4.- 0-- dv +24 ар dL 
(RRT/Ap) D г (я/ АУКТ р 
(3.182) 
Integrating equation (3.182). yields the following: 
2 m 2o. 2 : 1. 
с 2 
| (mA) | 0 » (3.183) 
09 5, 
sn) Eat 1) =Q 
Г (m/ AY RT P D 
Noting again from the continuity equation for isothermal flow that 
IDT {An Vilas DT / А, tha fin : /2 1921 
U a/v 1 = = (mR? | Aims / Api) — pipa. substituting in equation 12.102], 
and solving for p3 results in the following: 
+ x A L 
pap — ee у ШЕ (=) | (3.184) 
Ee ?2 D 


Examination of equation (3.184) indicates that a reiterative solution is 
necessary to compute po. [n most cases, the term 2log,(p; /p») is small 
compared with /L/D and may be ignored for a first trial solution of po. 
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Limiting Mach Number 


in the derivation of equations for acoustic velocity in Section 1.6, the 
velocity of a pressure wave was developed as the following: 


е | (1.57) 


The value of ЕЁ depends on the process. In Section 1.6 it was shown in 
equation (1.48) that, for an ideal gas, the value of the isothermal bulk 
modulus is Ey = p. Substituting p for Е апа р = p/ RT from the equation 
of state (1.37) in equation (1.57) results in the following: 





PS. 
ha: = c, = = Je RT 3.185 
Umax 7 cy p/RT 8, ( ) 


The limiting Mach number 4#*! is obtained by dividing equation (3.185) 
by the acoustic velocity of an ideal pas e= (kg. RT)” from equation 
(1.59): 


a г j 
pyt mT L VERI ү! (3.186) 


с «y KERT 





Махітит Length 


Application of equation (3.160) for constant temperature (dT = 0) results 
in the following: 

dp dT dv d or dp dU (3.187) 

p T t: P p p 
Substituting in the equation of motion (3.181) „= RT/p from the 
equation of state (1.37), dp/p — —dv/v from equation (3.187). noting that 
du/u = dM/M = dM^/2M^, and solving for f;L/D results in the 
following: 


| — 
с 
= 
< 





| | RT\ de 
f an=- 2¢.RT t - ( 22.26 D^ 


v woo p 


3 
UT l 


3 


f g RT dM i dM? |—-EkM?^ `, 
^ dL22 | = |= ІМ: 
D‘ (eru М Қом: м км“ 








(3.188) 
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Integrating equation (3.188) between the limits of L = 0 and Z = L' and 
M and M'7 — 1/ Kk results in the following: 
© шыр! Үл > pxT ag? 
[fl f |l —kM » fL i- kM ; 
: П. = — --а- ШМ = = — + log, (AM 
ек, м * р Met OBR) 
(3.189) 


Entropy Change 


Expressing equation (3.144) in dimensionless form and noting for an 
isothermal process dT = 0. the change in entropy can be written as follows: 
ds A dT dp A QO dp dp 


= = ---- 3.190 
R k-! T p к-ІТ p p ( ) 








From equation (3.187) dv/v — —dp/p — dM / M: substituting in equation 
(3.190) results in the following: 


Аб dp «ве ам (3.191) 


R p e 0M 


Integrating equation (3.191) between the limits of 1 and 2 yields the follow- 


ing: 
dM _ (05 — М. 
-- = = | 3.192 
if dy = [“ og, (ы ) (3.192) 


Substituting sə — sı бог” ап4 Мү- М,апа М» = ]/ k in equation 
(3.192) results in the following: 





XT 


— log. (Vk M) (3.193) 


Heat Transfer 


Examination of equation (3.180) indicates that the heat transfer needed 
to maintain isothermal flow is the change in kinetic energy. Substitution of 
7 = ke RTM” from equation (3.93) in equation (3.180) results in the fol- 
lowing: 


kg. RTM? — kg, RTM] АКТ ; 


q= 22. = (M5 — Mj) (3.194) 
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Substituting g*’ for ç and M, = M and M; = м in equation (3.194) 


yields the following: 
C 


yt - EF (2) - 2 = (1—КМ?) (3.195) 


Note that if M is greater than 1/./k, the pipe must be cooled to maintain 
isothermal flow, if M is less, the pipe must be heated. 
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Flow in Pipes 


4.1 INTRODUCTION 


The approach in this chapter is a combination of the theory developed in 
tha Brot the arbre wear: r. nari eri n nrc Mime The 


UII Hirst tree chapters to proauce solutions to Атта ПЕ HU ODiCIS. fre 


examples in this chapter are solved in USCS units only. 


4.2 BACKGROUND 


The current approach to pipe friction originates from a paper published in 
1944 by Lewis F. Moody (1944). Moody combined the results of Johann 
Nikuradse on artificially roughened pipe published in 1933 and the analysis 
of C. F. Colebrook in 1938 that resulted in the equation that bears his name. 
Colebrook’s analysis, combined with the boundary layer theory developed 
by L. Prandtl and T. von Karman, led to the adoption of the Colebrook 
equation by the major American technical societies and practicing engineers. 
This was followed in 1950 by R. J. S. Piggot with a comparable analysis on 
pressure losses in tubing, pipe, and fittings (see references provided at the 
conclusion of this chapter if further development is desired). 
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4.3 PHYSICAL ANALYSIS FOR INCOMPRESSIBLE FLOW 


In Section 3.3 the energy “lost” due to friction for an incompressible fluid 
was shown to be as follows: 


өз 
ГІ 


„лә 





2 (2. д) + 


et 


vp; — pi) - H, —0 (3.22) 


For a horizontal pipe (Az = 0) with uniform cross section (Ar = 0). equa- 
tion (3.22) reduces to equation (4.1) after substitution of the definition of 
specific volume {equation (1,15), v = I /p). 


Pi —P2 __ Ар (4.1) 


Н, = 
p p 


Experimental results and dimensional analysis of a flowing system show that 
the pressure drop is related to density and velocity as follows: 
7 


K = 
P (4.2) 





In equation (4.2), K is a proportionality constant. also known as the resis- 
tance coefficient. Substitution of equation (4.2) into equation (4.1) yields the 
following expression for IL: 


K 


n (4.3) 





H, = 


To calculate friction losses in pipes, it is common engineering practice to 
use the friction factor, /; Through experimental analysis, the following defi- 
nition of f has been established: 


` 2 pl po 2 
y L 4 

‚= [ft 

D 2g, Jo D 2g, 





(4.4) 


The friction factor. f, defined in equation (4.4) is also known as the D'Arcy 
Weisbach friction factor. 





The relotinn af the recietance efficient ^ tty Iha ritiy factor f (qç 
ішк reiatiorn OI іле lvl stance сов мыл тъ Ал LIIG ІШІСІІЕКРІЗ LCA LAJI a іл 
obtained by equating equations (4.3) and (4.4): 
` ` 4 . 
KÈ fL fL | 
Hy :z ——F = — OF K = — (4.5) 
25. D 2g. D 


The relation of friction factor / to the wall shear stress t is obtained by 
first rewriting the relationship between pressure drop (Ap) and shear stress 
as follows (see Section 4.6): 
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А 
АрА-тА, ог Ар- = (4.6) 


In cquation (4.6), A is the cross-sectional arca. of a cylindrical pipe 
(= xD^/4) and A, is the shear area (= z DL). Substituting these area rela- 
tionships into equation (4.6) yields equation (4.7): 


tA, (HDL) | drl 





Ар = = „ = 4.7 
Р= 4 (aD) D 4.) 
Substituting for Ap from equation (4.1) yields the following: 
L 
Арн, = (4.8) 


р рр 


Equating equations (4.4) and (4.8) and solving for t yields the following 
relationship: 


fL c 
TD 2р. 
_ 4th 
2 0р 





or 


„10 
8g, 





(4.9) 


4.4 DYNAMIC SIMILARITY FOR INCOMPRESSIBLE FLOW 


Consideration of the forces involved in incompressible flow (inertia, viscos- 
ity, gravity, buoyancy, and pressure) indicates that the gravitational forces 
will be balanced by the buoyant forces. If the inertial and viscous forces are 
specified, then the pressure force is also specified for equilibrium. The 
Reynolds number is the ratio of the inertial to the viscous forces. for a 
given ratio of absolute surface roughness to diameter (¢/D): the types of 
flow possible are shown in Table 4.1. 

Experiments arc necessary to establish numerical values of the Reynolds 
number for the types of flow shown previously. Experimental friction factor 
data are usually plotted in the form of a Moody diagram, as shown in 
Figure 4.1. 
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Table 4.1 Force, Reynolds Number, and Flow Type Relationships 








Predominant force Reynolds number value Type of flow 
Viscosity Low Laminar 

Neither Intermediate Critical transition 
Inertia High Turbulent 





45 REYNOLDS NUMBER EQUATIONS 


Flow equations involving the Reynolds number are derived in this section to 
facilitate design calculations. The Reynolds number is defined for pipe flow 
with a characteristic length of D as follows: 


(4.10) 








Predominate 
forces 





Viscous inertia 





: i i — Independent of R 
: : i Function of e/D only 





‘Depends i 
роп i 
japproach : 3 
direction: M 

: : Function of ^. 

R and e/D к 


€/D finite value 







Rough pipe 


/ 7"64/R 






log 7 : 
Independent; 
of €/D ; 


эө. 


Smooth pipe 


2000 3S00 





log R 


Figure 4.1 Moody diagram for pipe friction. 
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From the continuity equation [equation (3.6)]. velocity can be expressed in 
terms of mass flow rate as follows: 
m m 4т 
u= — = = SS (4.11) 
pA p(mD:/4) лор" 
The Reynolds number can then be expressed in terms of mass flow rate by 
substituting equation (4.11) into equation (4.10) as follows: 


| pDv  pD(AminpoD') ай 


Re 
m ng, Dug, 


(4.12) 

In like manner, the Reynolds number can be expressed in terms of volu- 
metric flow rate. Equation (3.2) expresses average flow velocity in terms of 
volumetric flow rate: 


.g. 9 (3.2) 


A  nD'/A 
Substitution of equation (3.2) into equation (4.10) results in the following 
expression for the Reynolds number: 


pDv  pD(4Q/nD^) _ 400 
Hg. Hg. Dug. 





Re = (4.13) 


4.6 LAMINAR FLOW IN PIPES 


Consider the three-dimensional laminar flow shown in Figure 4.2. The 
change in pressure is p» — p, for a distance L along the pipe. For equilibrium 
of a "free body," a force balance gives the following: 


9 F-0-(p- p)A- tA, (4.14) 


For a cylindrical pipe of radius r, the cross-sectional area A = xr" and the 
shear area 4, = 2zrrL. When solving for r, the equation (4.14) reduces to 





Figure 4.2. Notation for laminar flow analysis. 
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equation (4.15): 


^ ғ 
r = 7 Pr үз г (4.15) 


If the flow is laminar, only viscous forces are acting, so equation (1.2) 
[к — A(dU /dy)] applies. Noting that dy — dr for the case of the pipe, sub- 
stitution of equation (4.15) for v yields the following: 


_ (p, - pr -p (= 
Сэр 7 TH dr 
or 


ay = (PP) ar (4.16) 





2Lu 


Integrating equation (4.16) over limits of the pipe radius (0 to ro) and the 
velocity (U,,, to 0), yields the following equation for the centerline velocity: 


ü ry 
P2— P\ 
dU = nef r dr 
|. и 0 


(р>- (рз = рт) 
агр 


, _ { Ap 
Un = (a ж (4.17) 


Note that U,, varies as ra, so the velocity profile is parabolic. It can be 
shown that the centerline velocity is related to the average flow velocity as 
follows: 


U,, 26 (4.18) 


- Он 


ОТ 


Substituting from equation (4 18) into equation (4.17) yields the following 


` 
expression for the p 


p= Un (Ay 
2  A8LnJ ? 


or 








Ар = (4.19) 
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As previously developed. Ap = Kp /2g. [equation (4.2)] and К = fL/D 
[equation (4.5)]. Substituting these expressions into equation (4.19), and 
noting that ro = D/2. yields the following expression for the friction factor: 
© Blue (И) р" 
P= DRYF 2g, 
or 
64ug 
f = 2206 (4.20) 
: Dup 
Substituting the definition of the Reynolds number, Re = Dup/nu g, [equa- 
tion (4.10)]. equation (4.20) simplifies to the following form: 
_ 64 
ET 
It should be noted that equation (4.21) is valid for laminar flow only. 


From the derivation of equation (4.21). the following form of the pres- 
sure drop was obtained: 


_ (f/L/ D)” 
Og, 





f (4.21) 


Ap (4.22) 
Substitution of equation (3.6), v — #7/pA, into equation (4.22) yields the 
following expression for pressure drop: 


_ (fh JD) pe _ (7) pURIpAY _ (4 ШЕН 


А 
р 22, D 22, D} 20е, 


(4.23) 


Critical Reynolds Numbers 


Experiments show that when the Reynolds number is 2,000 or less, the flow 
is normally laminar. If the flow is initially turbulent, it cannot be maintained 
indefinitely. For stab/e flow, the Reynolds number of 2,000 is the lower limit. 
It is possible to maintain a laminar flow to very high Reynolds numbers if 
care is taken to increase the flow gradually; normally, however, the slightest 
disturbance will destroy the laminar flow pattern when the Reynolds num- 
ber is greater than 3,000. For stabic flow, the Reynolds number of 3,000 18 
the upper limit. Between 2,000 and 3,000, the flow depends upon many 
factors, such as external vibration, direction of flow (increasing or decreas- 
ing), and internal upstream obstructions. Flow between Reynolds numbers 
of 2,000 to 3,000 is generally unstable, and designers of piping systems must 
account for this. 
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Example 4.1: Pressure Loss in Laminar Flow. An oil flows in a l-in. sche- 
dule 40* horizontal steel pipe, 20 ft long at a rate of 324 Ibm/hr. The oil 
has a density of 59 [bm/ft? and a viscosity of 20 x 107? lbf s/ft?. Compute 
the pressure loss. 


Solution 


This example is solved by determining the type of flow and employing the 
proper equations to compute the pressure loss. 


(a) Obtain the pipe dimensions. 
Table C.3 for 1-in. schedule 40 steel pipe gives: D — 0.08742 ft. 
A = 0.006002 ft’. 


(b) Determine the type of flow by computing the Reynolds number 


Re = — (4.12) 


Re = 4(324 lbm/hr)(1 hr/3600 s) 
— n(0.08742 ft)(20 x 10 Ib£ - s/ft?)(32.174 lbm ft/lbf - s*) 
Re -- 2.037 


The flow is laminar, because the Reynolds number is less than 2,000. 


(c) Compute the friction factor. 
For laminar flow, equation (4.21) should be used: 


_ 64 
Rc 
f=. 64 

^ —2.037 


[2340 


f (4.21) 


(d) Compute the pressure loss using equation (4.23). 
Ap = (5) n (4.23) 
Ар = Е х 20 т) (324 lbm/hr/0.006002 ft? x 1 hr/3600 s) 
0.08742 ft 2(59 Ibm/ft^)(32.174 Ibm - ft/Ibf . s?) 
Ap =: 425.7 1bf/ft? « 1.44in7/1 ft? 
Ap = 2.96 psi 








*Pipe schedules are given in Appendix B. The wall thickness of popular pipe sche- 
dules are tabulated in Appendix C. 
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4.7 TURBULENT FLOW IN PIPES 


By dimensional, physical, and similarity analyses, it has been determined 
that the friction factor is some function of the Reynolds number and relative 
roughness. Experimental data indicate that at Reynolds numbers below 
2,000, the flow is laminar and independent of relative roughness. For 
Reynolds numbers above 3.000, the friction factor is some function of 
both the Reynolds number and relative roughness. Conventional engineer- 
ing practice is to use the Colebrook equation, which was the result of an 
analysis of a large quantity of experimental data. This equation is shown 
here as cquation (4.24): 


l D 2.51 
— = —2 logy Е + — 2 (4.24) 


Examination of cquation (4.24) indicates that íf the value of surface 
roughness is small compared with the pipe diameter (¢/D — 0). then the 
friction factor is a function of the Reynolds number only. A smooth pipe is 
one in which the ratio €/3.7D is small compared with a On the 
other hand, às the Reynolds number increases so that 2.51/Re// — 0. then 
the friction factor becomes purely a function of relative roughness, and the 
pipe is called a rough pipe. Thus, for purposes of analysis, the same pipe may 
be considered smooth under one flow condition and rough under another. 

Equation (4.25) requires a trial-and-error solution for the friction factor. 
For rough and smooth pipes, A. K. Jain (1975) derived the following 
approximation: 


| ғ 21251] 
f= 4-2 юк (Б аз) (4.25) 


Table 4.2 illustrates the valid ranges of relative roughness and Reynolds 
number for equation (4.25) and the maximum deviation of calculated fric- 
tion factor from equation (4.24). Table 4.2 illustrates that equation (4.24) 
may be used with engineering accuracy for all design calculations for turbu- 
lent flow. 

Examination of Figure 4.3 shows that the zone of complete turbulence 
(rough pipes) is separated from the transition zone by a dotted linc. This line 
is defined by the following equation: 


_ 3200 


Re, JD 


(4.26) 


where 
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Table 4.2 Equation (4.25): Valid Ranges of Relative Roughness and 


Reynolds Number 





ghn 


Reynolds Number and the Maximum Deviation of f from Equation (4.24) 
clative Rou 


ess 


R 


Maximum 


Maximum deviation 


Range 


Minimum Maximum Minimum 


% 
% 
% 


3.5 


| x 10!° 


10° 
3 


10 


3x 
5 





0 





Extreme 
Useful 


1.5 
—0.8 


8 
7 


10 
Іх10 


| x 


x 


0 
1 x 107 


Lx I0 4 
0 


Practical 


1 x 10* 





minimum Reynolds number for complete turbulence, 


dimensionless 


t 


Re 


ghness of the pipe surface, dimensionless 


clative rou 


Г 


e/D 


and ¢/D for wrought steel and stainless steel pipes are given in 


Values of Re, 


e 4.3 shows recommended values of absolute roughness of 


can commercial pipes. 


Table C.3. Tabl 


new, cl 


e friction factor at a Reynolds number of 


4) for th 
infinity results in equation (4.27): 


2 


equation (4. 


Solving 


FRICTION FACTORS 
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Figure 4.3 Friction factor as a function of Reynolds number. 
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Table 4.3 Design Values of Absolute Roughness for New. Clcan 
Commercial Pipes 


Absolute roughness (¢) x 10° 








Pipe Range Design value Design value 
(ft) (ft) (m) 
Asphalted cast iron 400 400 122 
Brass and copper 5 5 1.5 
Concrcte 1.000 -10.000 4.000 1.219 
Cast iron 850 850 259 
Galvanized tron 500 500 152 
Wrought tron and steel 150 150 46 
Riveted steel 3.000—30,000 6,000 1.829 
Wood stave 600-3,000 2,000 610 
f< = — (4.27) 


DAY. 
ы) 


f = friction factor at a Reynolds number of infinity, dimensionless 


where 


Values of f,, for wrought steel and stainless steel pipe are given in Table C.3. 


4.8 ENERGY LOSSES IN PIPING SYSTEMS 


In long pipelines, the effect of bends, valves, and fittings is usually negligible: 
but in systems where there is little straight pipe, it is the controlling factor. 
Underdesign will result in the failure of the system to deliver the required 
capacity. Overdesign will result in inefficient operation, because it will be 
necessary to "throttle" one or more of the valves. 

The following energy losses must be considered in computing friction 
losses 1n piping systems: 


loss due to fluid entering the system 
loss due to pipe friction 

loss due to valves and fittings 

loss due to bends 

loss due to changes in flow areas 
loss due to fluid leaving the system 


ме шә әр 
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Entrance Loss 


The energy loss due to fluid entering a system depends on the geometry of 
the entrance. With complete turbulence assumed at the inlet, resistance 15 
independent of Reynolds number. Inlet energy loss (H,) can be calculated 
with the following expression: 
2 
H, — K, 5 (4.28) 
Бе 


Typical values of the inlet resistance coefficient K; arc shown in Table 4.4 . 


Pipe Friction Losses 


The pipe friction energy loss Hp, may be computed using the following: 


Cf fL? 
Hip = S(s x) (4.29) 
P 


i 





Values of the individual friction factors / may be calculated using equation 
(4.21) for laminar flow and equation (4.25) for turbulent flow. 


Valve and Fitting Losses 


э ч тани uM oM 


The flow of a fluid through valves and fittings is generally considered to be 
one of complete turbulence and independent of Reynolds number. Valves 
and fittings are treated as straight pipes with a very large surface roughness 
€. One common engineering practice is to describe the frictional resistance in 
terms of equivalent lengths (L,) of straight pipe. The resistance coefficients 
K, for valves and Kp; for fittings are then calculated using the following 
equations as appropriate: 


K, = fx (%) (4.30) 


2 
II 
— 
8 
т” 
IE 
— 
T 
E 
tad 


There are two widely used sources of data for piping components: the 
Hydraulic Institute Engineering Data. Book and Crane Company Technical 
Paper 410. The Hydraulic Institute method uses the resistance coefficient K 
and distinguishes between screwed and flanged fittings. The Crane paper 
uses a modified equivalent-length method to determine the resistance coeffi- 
cient using equation (4.30) for valves and equation (4.31) for fittings. 
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Table 4.4 Resistance Coefficients for Inlets, Exits, and Area Changes 


Sharp-edgedinlet — Inward projecting pipe | Rounded inlet 


v —— 


K = 0.5 K = 0.05 


All types of exits: K=1.0 





Sudden contraction 





Gradual reduction 


o NS 


v — K = 0.05 


— 2 


Examination of Tables 4.5 and 4.6 shows significant differences between 
these two sources. 


Valves 


It is valve industry practice to determine valve capacity and pressure loss 
using a valve flow coefficient C. defined as the flow in gallons per minute 
(GPM) of water at 60 F with a pressure drop of I pound per square inch 


(psi): 
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Table 4.4 (continued) Resistance Coefficients for Inlets, Exits, and Area 
changes 








Gradual enlargement 


K=Kfi -(@DyP 


30_ [0.40 [0.50 [0.60 | 
0.76 [0.95 [105 |140 | 


(4.32) 





Substitution of appropriate conversion factors in the energy equation results 
in: 


2 185х 1090 qm 
K.=—— — (4.33) 
С 
Most of the energy losses in process and power piping systems are due to 
valves rather than straight pipe. Whenever possible, the designer should use C, 
values obtained from the valve manufacturer based on actual test data for the 
specific valve type. See Table 4.7. 
The energy loss H,.; due to valves and fittings may be calculated using the 
following equations: 


154 Chapter 4 


Table 4.5 Resistance Coefficients (K) for Valves and Fittings 


Nominal iHydraul:c Insuture Crane Co. [Hydraul:c Insutute Hydrauhe Insutute Crane Co. [Hydraulic Insutute Crane Ca 
Pipe M 410 |Елшлеелг Data BookJT P 410 — |Engineenng Data Book|T P. 410 
Size [Screwed] Flanged | Boh | Screwed  [Flanged] Both | Serewed [ Flanged | Boh | Screwed | Flanged [Both _| 

inckes 

. 94; 13 50 8.03 27 
980 5 52 2 59 

624 3.74 2.40 

4.53 3.00 . 225 

353 . 2.56 2.10 

2.88 . 202 

209 . 190 

1.82 

1.73 

163 

012 200 1.49 

011 200 141 

0.11 200 134 

010 2.00 130 

010 200 127 

910 200 1.24 





010 2.00 121 


2 1.18 


009 00 
90* Long Radius Elbow 45* Standard Elbow 45° Long Radias Elbow 
164 0.44 


041 
9.38 
0.36 
0.34 
032 
030 
0.29 
028 
0.26 





A 
th 
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Nominal [Hydrautic Ir.sutute Crane Co [Hydraulic insutute Crane Co. [Hydraulic Insutute Crane Co [Hydraulic [nsutute Crane Co 
Pipe Engincenng Dau Book|T P 410 gincenng Data SIEHE Data Book{T.P 410 
Size Both Flanged | — Bom '| 

inches 


090 2.63 166 
G90 2.37 
090 2.05 
0.90 . 185 
090 1.71 
090 1.60 


090 . 144 


090 133 
090 . 125 
0 90 113 








Note Crane vesistance v із were ана Лес on the bass of Standare Weight pipe 
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Table 4.6 Equivalent Lengths (L./D) for Valves and Fittings 


Nominal [Hydrauhe Insutute Crane Co |Hydraulic [nsutute Crane Co |Hydrauhe Insutute Crane Co |Hydraulic Institute Crane Co 
Pipe [Engineering Data Bock |T.P 410 |Engincenng Data Book|T P. 410. [Engineering Data Book|T P 410 _{Engincenng Data Book|T.?. 410 

[Screwed] Flanged | Both | Screwed [Flanged] Both | Screwed | Flanged {| Вон | Screwed | Flanged | Бой | 

Globe Valve бм ане — [| — — Angle Vale | Swing Cheek Valve | 


Size 
inches 
488 
8 

All 

Sizes 
[ 7] 90° Standard Elbow 90° Long Radius Elbow 45* Standard Elbow 45° Loag Radius Elbow 
! 14 
16 16 
АП АП 
i Sizes Sizes 
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Nom! ^al Crane C Hydraulic Insttuse С ^o Hydraulic Insttute 
Pipe ТР 410 [Engineering Data Book Tro Б ecenng Data Book 
Sae emed [Pangei] Bach {Screwed [ Hanged | Boch | Screwed | Flanged | 
inches налы a y ы | 


% 
86 
74 
66 
62 
58 
52 
48 
45 
40 





Ñ 
&€j33232258E88 


Note: Hydraulic Institute equivalent lengihs were culculated on the basis of Standard Weight pipe 
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Table 4.7 Resistance Coefficients (C,.) for Globe Valves 





Nominal Class 300 Class 600 Class 900 Class 1500 Class 2500 
pipe size schd. 40 schd. 80 schd. 160 — schd. 160 XXS 





2-1/2 3.7 3.9 3.8 
3 11.2 4.3 4.] 5.4 
4 16.1 4.1 3.8 40 7.1 
5 12.5 4.3 4.2 4.7 7.8 
6 7.5 2.8 2.9 3.0 5.4 
8 10.7 3.0 2.9 3.1 7.1 
10 9.0 3.2 3.0 3.1 7.3 
12 7.9 3.0 3.0 3.1 8.3 


14 3.1 3.0 3.2 


е-е Ehe 2) 


Ж с p f< L е e 
H. = x 5) ^ У р =) , (434) 


Values of K, and K, may be taken from Table 4.5 or calculated from 
equation (4.30), (4.31), or (4.33). Values of L./D may be taken directly 
from Table 4.6. 














Bend Losses 


Energy losses in bends arise via two primary sources. The first is the sec- 
ondary flows that result from the fluid rotation as the fluid flows through the 
bend. This loss does not take place in the bend itself, since the dissipation of 
the secondary flows occurs over a length of about 50 pipe diameters down- 
stream of the bend. The sccond source is the frictional loss in the actual 
length of bend. 

The first effect is completely turbulent and independent of Reynolds 
number. The second is dependent on both relative roughness and 
Reynolds number. Pigott's (1950) analysis of bend flow resulted in the fol- 
lowing equation for the bend resistance coefficient K: 


2.5 


DN ; 
K, = 0.106( 2) +2000 7° (4.35) 
7 
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In this equation, z is the radius of the bend, D is the pipe diameter, and / 15 
the friction factor calculated from equation (4.25). The bend energy losses 
(H,) are then calculated as follows: 


H, = У) (x 3 (4.36) 
eU h 


І 


Area Change Losses 


Resistance coefficients (K,) for area changes due to enlargement or reduc- 
tion of flow passages are given in Table 4.4 for common situations. Once 
again the flow is assumed to be completely turbulent and independent of 
Reynolds number. The resultant energy loss H, may be calculated using the 
following equation: 


e v 
H, = K,~- 4.37 
4 D| a >) (4.37) 


1 


Exit Loss 


The exit energy loss (#/,) is one velocity head (i.e., K, = 1). Equation (4.38) 
is used to calculate the exit energy loss: 


2 
, 
w 





= 4.38 
73; ( ) 
Total System Losses 
The system energy loss is the sum of the individual losses, or: 

Hy = Hit Fy + Hyp + Hy + Ha + We (4.39) 


Substitution of H;, in cquation (4.39) for H, of equation (3.22) and solving 
for system pressure loss results in the following: 


> 2 
. 47 
1 — Uy 


2g, 


P. Pe APsysem 
p p 





= (2,2) + + Н, (4.40) 
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4.9 DESIGN VELOCITIES 


It is always desirable to design piping systems for the highest possible velo- 
city in order to reduce the size of the pipe and its components. The max- 
imum design velocity for a given piping system is limited by the following 
considerations: 


The maximum design velocity must be economically justifiable in terms of 
pumping power and/or fuel costs. 

The maximum design velocity must not cause physical problems such as 
erosion, corrosion, vibration, noise, and cavitation, 


In general, design velocities have been established as the result of experi- 
ence and experimentation. This section examines some of the current prac- 
tices. 


Process Piping Systems 
Preliminary Sizing 


In the early stages of design, a study layout is drawn that requires the 
internal diameter of the pipe to be determined before the actual lengths are 
known. Kent (1980) proposed the following equations for sizing internal 
diameters. Kent’s data suggest that 80% of the sizes computed by his equa- 
tions remained unchanged after layouts were completed and more precise 


checks were made. 
Maximum Velocities for Liquids (v, ftls; p, lbmift! ) 


Clear liquids: 


48 (4.41) 
0 == — - 
p à 
Erosive and/or corrosive liquids: 
24 


Diameters Based on Typical Velocities ( D, ft; Q, fr js: р, Ibmjft?: m, this): 
Liquids, except suction, drains, or vent lines: 

Р = 0.3790" (4.43) 
Liquid suction, drain, or vent lines: 


Рр = 0.5120" (4.44) 
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Gases, except suction and vent lines: 


. 0.408 
nt 0 


Gases-- suction and vent lines: 


- 0.408 


tr 
D = 0.198 "E (4.46) 


Central Station Systems 


Over a period of years, velocities in main water and steam piping have 
increased beyond the limiting values given in handbooks. Soldan and 
Seigel (1964) described Public Service Electric and Gas Company’s experi- 
ences with design velocities from 1937 to [963. During this period, water 
velocities were increased from 8 to 40 ft/s and steam from 100 to 415 ft/s. A 
curve fit of their data resulted in the following rclations (v, ft/s; D, ft): 


Maximum velocity for miscellaneous water service: 

о = 0.5458 + 57.880 — 2431р" (4.47) 
Maximum velocity for boiler feedwater flow: 

v = 5.551 + 58.31D — 23.46D° (4.48) 
Maximum velocity for main steam flow: 

v= 120.35 + 257.95D (4.49) 


The foregoing maximum velocities will yield a pressure loss of about 10 psi 
per 100 feet for miscellaneous water service, about 15 psi per 100 feet for 
boiler feedwater flow, and about 60 psi per 100 feet for main steam velo- 
cities, depending on steam conditions. 


Typical Design Velocities 


Table 4.8 presents typical design velocities for general use in the absence of 
morc specific data for a given industry. 
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Table 4.8 Typical Design Velocities 





Design velocity 





Minimum Maximum 





Service (ft/s) (ft/s) 
Bleed steam lines 65 100 
Boiler and turbinc leads 100 200 
Branch steam lines 100 250 
Compressed air lines 25 35 
Compressor discharge lines 100 250 
Compressor suction lines 75 200 
Crude oil lines (6 in. to 30 in.) l 6 
Drain lines (water) 3 5 
Drain lines (hydrocarbon liquids} 3 5 
Economizer tubes (water) 2 5 
Exhaust and low-pressure steam lines 100 250 
Feed water lines 4 15 
Natural gas lines (cross country) 15 25 
Pump discharge lines (fucl oils) l 6 
Pump discharge lines (hydrocarbon liquids) 3 7 
Pump discharge lines (water) 2 7 
Pump suction lines (hydrocarbon liquids) 2 6 
Pump suction lincs (fuel oils) 3 6 
Pump suction lines (water) 2 5 
Service water mains 2 5 
Steam headers 100 125 
Steam superheater tubes 35 85 
Two-phase flow lines 35 75 
Vacuum steam lines 300 600 
Ventilating ducts 15 50 





4.10 ENGINEERING DESIGN CALCULATIONS 

Engineering pipe flow computations usually fall into one of two classes: 
preliminary design or design verification. 

Preliminary Design 


In this stage the flow rate Q and the length of the pipe £L are known. The 
pipe diameter D and the wall thickness are then selected on the basis of one 
of the following criteria: 
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1. The maximum allowable velocity v to prevent erosion, vibration, or 
excessive energy loss. Values of maximum velocities may be calculated 
using equations given in Section 4.9 or Table 4.8. as appropriate. 
The maximum allowable pressure loss Ap that can be tolerated for 
proper functioning of equipment or to prevent excessive energy loss. 
This type of loss is usually expressed in terms of pressure drop per foot 
(Ap/L). For turbulent flow of fluids in smooth pipes the following 
equation may be used to estimate the internal pipe diameter: 


жаз 01571192065 
р = 0.9235| 14 an 
(Op FGOp/L) | 


кә 


Design Verification 


In this stage the piping components have been sclected, the diameter D, the 
length of pipe L, and the flow rate Q are known, and the pressure loss Ap is 
to be verified. 


4.11 RECOMMENDED PROCEDURES FOR DESIGN 
CALCULATIONS 


The following steps are recommended to facilitate preliminary and final pipe 
sizing and pressure losses in piping systems. 


Step A: Data Reduction 
Obtain fluid and pipe data and convert as necessary to the following units: 


densities into pound-mass per cubic foot 

diameters and lengths into feet 

mass flow rates into pound-mass per second 
pressures into pound-foree per square foot 
velocities into feet per second 

viscosities into pound-force-seconds per square foot 
volume flow rates into cubic fect per second 


Step B: Select Pipe Schedule 


Estimate the minimum pipe schedule using the approximate equation (B.3). 
Note: Alf stress calculations must conform with the American National 
Standard ANSI B.31, Code for Pressure Piping. The verification of stress 
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calculations is beyond the scope of this book.) Equation (B.3) will always give 
a conservative value. 


Step C: Estimate Internal Pipe Diameter 


Depending upon the circumstances, use either the maximum velocity 
method or the pressure loss per length method. Select pipe from piping 
tables. If the loss per unit length method is used, verify that the velocity 
does not exceed the maximum allowable. 


Step D: Verify the Preliminary Design 


Once a tentative diameter has been selected, check to see if maximum velo- 
cities have been exceeded. If some minimum energy loss is a design requirc- 
ment, it should be calculated using the appropriate equations from Section 
4.8. If either or both of these requirements have not been met, repeat as 
necessary using the next larger standard size. The foliowing examples illus- 
trate this procedure. 


Example 4.2: Preliminary Design of a Boiler Feed Water System. The 
boiler feed water system shown in Figure 4.4 is for a small cogencration 
steam generator. The boiler feed pump is to deliver 300 GPM of water 
at 300F and 1,500 psia to the steam drum. The allowable stress in the 
piping is 12.500 psi. Select the size of pipe to be used. The pressure 
drop due to friction may not exceed 10 pounds per square inch. Also es- 
timate the required pump discharge pressure for a steam drum pressure 
of 1,500 psia. 


Solution 


This example is solved by estimating the pipe internal diameter from equa- 
lions given in Section 4.9 and verifying by calculating friction losses from 
Section 4.8. 


Step A: Data Reduction 
l. Fluid properties (Table D.3 at 1,500 psia and 300 ^P): 


p= 57.64 lbm/ft', и = 3.838 х 107^ Ibf . s/ft? 
22 Unit conversions: 


Q — 300 GPM x 1.3368 x 107! f /gal x 1 min/60 s — 0.6684 ft^ /s 
й = Op = 0.6684 ft? /s x 57.64 ]lbm/ft® = 38.52 lbm/s 


Flow in Pipes 165 


© 2% 
90 
9m r. *] he on қ Steam 
үйі | ! " Drum Erain 
- Gate Yor) 
Valve 


2% . 
а-ы Р] іы L. 
Regular ЕН v —4 
Boiler Tee |. | 90 
Feed Globe Std 
pump ! Valve E11 
10 ft 
/ | 
Е1 NON 30 
Spring E11 
Check 
Valve 


Figure 4.4 Notation for Example 4.2. 


Step B: Select Pipe Schedule 
From equation (B.3): 


N, = 1000p/S, — 1000 x (1500 — 14.7)psi/ 12,500 psi — 119 
Use schedule 120 (next higher size). 


Step C: Estimate Internal Pipe Diameter 
For the first tria], use the simplest equation, equation (4.41): 
48 
v= PUE (4.41) 
48 
57.64 
v= 12.42 ft/s 


v= 


From the continuity equation: 


40 


D == 
mu 
р 4 x 0.6684 ft^ /s 
= у Z x 12.42 Us 
D == 0.2618 ft 


From Table C.3, the nearest normally used larger pipe size 1s 4-1n, schedule 
120 (D — 0.3020 ft). 
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Step D: Verify Preliminary Design 
Check velocity: 


_ 40 
яр 


4 x 0.6684 ft" /s 
= ~= 
x x (0.3020 ft) 





U 


г = 9.33 ft/s 


From Table 4.8, design vclocities for feed water lines range from range 4 ft/s 
to 15 ft/s. Therefore, design velocity is satisfactory. 

Verify pressure loss: To verify system loss, use the equations and methods 
of Section 4.8. 

l. Loss due to the fluid entering Ihe system. In this system the pump 
discharge has the same area as the swing check valve inlet, so there is no 
entrance loss: 


2. Loss due to pipe friction. The Reynolds number is calculated using the 
following equation: 


Re — ^P" (4.10) 
Hg, 
c- 57.64 Ibm/ft^ x 9.33 ft/s x 0.302 ft 
— 3.838lbf£ s/ÉC. x 32.17 Ibm - ft/Ibf - s? 





Re = 1,315,000 (turbulent flow) 


Table C.3 gives the relative roughness (e/D) as 4.967 x 1077. The friction 
factor is then calculated using equation (4.25): 


p £ 21253] ` 

f= 5 зїоге{ Б + кле) (4.25) 
21.25 -: 

“-|1Л14-21ов 4.967 x 10 +) | 

/ | ге (1,315,000): 

f =0.01714 


The total length of straight pipe is I0 4-2 4-12 + 10 - 2 4- 8 — 44ft. 
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“ [fL w 
H; = D UA (4.29) 


(NC SECT yy 
0.01714 x 44 ft (9.33 ft /s)” 
p 030260 ^2 у 32. 171bm ПЫ S° 
H,, — 3.38 ft - Ibf/Ibm 





ір 


3. Loss due to valves and fittings 
Valves (from Table 4.5) 


K. (Hydraulic Institute) K,. (Crane TP410) 








] swing check 2.00 1.65 
| globe 6.45 5.54 
| gate 0.16 0.13 
EK. 8.61 4.30 





The most conservative design would be to use the Hydraulic Institute value 
of DK, = 8.61. 


Fittings (from Table 4.5) 





Ky (Hydraulic Institute) Kj (Crane TP410) 


390 standard elbows 3 x 0.30 — 0.90 3 x 0.49 — 1.47 
l regular tee- -branch flow I x 0.71 — 0.71 ] x 0,98 — 0,98 
УК} 1.61 2.45 


Again. take the most conservative © K,; = 2.45 (from Crane ТР410). Тће 
valve and fitting loss is calculated using equation (4.34). 


Н = > [< z) DX | 
ec f. | р 


(9.33 1/87 
x 32.17 Ibm - ft/Ibf . s? 
Н, = 14.96ft - Ibf/Ibm 





3 
v 
2g. 





Ны = (8.61 +2.45) > 


4. Loss due to bends: There are no bends, so H, = 0. 
5. Loss due to changes in flow areas. There are no area changes, so 


H, = 0. 


168 Chapter 4 


6. Loss due to fluid leaving the system: In this system the drum inlet has 
the same area as the pipe, so there is no exit loss, and H, = 0. 
The system friction loss is the sum of the component pressure losses: 


Ay, =H, + Hp + Hot Hpt Hit H (4.39) 
H,, = 0+ 3.38 + 14.964 0+0-+ 0 


H,, = 18.34 ft- tbf/lbm 


i! 


The pressure loss due to friction is calculated as follows: 


Ap = Н,р (4.8) 
Ар = 18.34 fi - Ibf/lbm x 57.64 1bm/ft' 

Ap = 18.34 Ibf/fC x (fe /144in_ 

Ар = 7.34 psi 


The design is verified because the maximum pressure loss due to friction 
is not to exceed 10 psi. 

In order to calculate the pump outlet pressure, the total pressure loss of 
the system must first be calculated (nore: inlet velocity = outlet velocity 
because the pipe has a uniform cross section): 





2 > 
g 2-4 
ADsysum — p E (Ze = 20) + 2g -+ 2 (4.40) 


32.17 ft/s" 
BUS (заа 104) 


APoystem = 57.64 lbm/ft* |] ——— 2 ———À 
Psystem m/ E 


OE I834 ft. I 


Apsyaem — 2.279 Ibf /ft. x 1 ft /144in 


Армен = 16р 


The pump outlet pressure is the system pressure drop added to the steam 
drum pressure. Therefore, the pump outlet pressure is the following: 


pump outlet pressure = 1500+ 16 = 1516 psia 
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Example 4.3: Preliminary Design of a Fuel Oil Piping System. A preli- 
minary design and an estimate of the pressure loss for the fuel oil piping 
system shown in Figure 4.5 is required. Each pump delivers 50 GPM of 
fuel oil to the system at 600 psia and 100F. At this condition the 
viscosity of the oil is 4.000 SSU and the gravity is equivalent to 11.5 API 
at 60F/60F. The maximum allowable stress of the piping material is 
15,000 psi. 


Solution 


In this system there is parallel flow from the pumps to the tee and then series 
flow to the heater. The example is solved by breaking the system into two 
parts: Part I- flow from pumps to tee, and Part II — flow from tee to heater. 
The pipe diameters are estimated from equations given in Section 4.9 and 
the friction loss from Section 4.8. 


Step A: Data Reduction 


1. Fluid properties. S — 11.5 APL at 60 F/60 F. 4 — 4,000SSU. The 
specific gravity of the oil is calculated using equation (1.20): 


Firat 
екі 


ШЫСЫ . 
`. 51 апак 
іре 


t i ы Furl 
v t ` - 
` |f ШЕГІ on 
4 t. чө 
™ nate 
7 Valve 
| AIL fillings are tlanged 
| ы AM elbows are au * tong radius 


Check 
Valve 





Figure 4.5 Notation for Example 4.3. 
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141.5 
S60/60F = 131.54 API (1.20) 
141.5 


131.5 4- 1.5 
S60/60 p — 0.9895 


Son eo k= 


The density of water at 60 Е 15 62.37 Ibm/ft* (Section 1.4), The oil density is 
therefore calculated as follows: 


p= 560/60 FX £u 60F 
p = 0.9895 x 62.37 


(1.17) 
p = 61.721bm/[t' 
The kinematic viscosity is calculated using equation (1.28) 
135 
= 0.2 —— 1.2 
v = 0.220(8SU) SSU (1.28) 
135 
— 0.220(4000) — —— 
” (4000) — F000 


v = 880 centistokes 


The kinematic viscosity is converted to dynamic viscosity using equation 
(1.22): 


и = ру (1.22) 
Ee 
of. 10.76 x 107° ft" /s 
61.72 lbm/ft* (s centistokes x ered 
centistoke 
H = 





32.17 Ibm - ft/Ibf - s? р 
и = 18.17 х 10 Ibf s/ftC 


Part 1 - From Pumps to Tee: 


2. Unit conversions: 
О, = 50GPM x 1.3368 x 10^! ft'/gal x 1 min/60 s — 0.1114 ft /s 
т) = 


Q ip = 0.1114 it /s x 61.72 lbm/tt® = 6.876 lbm/s 


Step B: Select pipe schedule 
From equation (B.3): 


N. = 1000p/S, = 1.000 x (600 — 14.7) psi/15.000 psi = 39 
Use schedule 40 (next higher size), 
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Step C: Estimate internal pipe diameter 
Use equation (4.43) for pump discharge lines: 


D, 20.3799? 95 (4.43) 
D, = 0.379(0.1114) ^* 
D, — 0.1462 ft 


From Table C.3, the nearest larger pipe size is 2-in, schedule 40 
(Р, =: 0.1723 (1, 4; = 0.023301). From the continuity equation, v; = 
Q,/A, — 0.1114 ft'/s/0.02330 f = 4.78 ft/s. 


Step D: Estimate energy loss 


|. Loss due to fluid entering the system: In this system each pump dis- 
charge has the same area as the tee inlet, so there is no entrance loss: 


H, = Ü 


2. Loss due to pipe friction: The Reynolds number is calculated using the 
following equation: 


LE, 
61.72 lbm/f{t? x 4.78 ft/s x 0.1732 ft 
— 18.17 x 10? Ibf - s/f x 32.17 1bm - ft/Ibf - s° 
Re, — 87.42 (laminar flow) 


Re, — (4.10) 





Re, 


Since Re; is less than 3,000, the flow is laminar; the friction factor is calcu- 
lated using equation (4.21): 


f; — 6A/Re, — 64/87.42 — 0.732] 
The total length of straight pipe ts | foot: 


e f 


oy 2 \ 
fL w° 
Hy, = 5% 22 ) (4.29) 
£ ір 





0.7321 x 1 ft ы (4.78 1/5): 
0.1732 ft 2 x 32.171bm - ft/Ibf . 2 


Hy, - 





3. Loss due to valves and fittings: 
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Valves (from Table 4.5 for 2-in. pipe, flanged) 





K, (Hydraulic Institute) K, (Crane TP410) 





| swing check 2.00 1.90 
| gate 0.33 0.15 
> K. 2.33 2.05 


The most conservative design would be to use the Hydraulic Institute value 
of E K, = 2.33. 


Fittings (from Table 4.5 for 2-in. pipe, flanged) 


Ky, (Hydraulic Institute) A, (Crane TP410) 


390 long-radius 0.30 0.30 
elbows 





The valve and fitting loss is calculated using equation (4.34): 


н = Ys .) M ғ =), 


(4.78 ft/s)" 


Ник = (2.33 + 0.30 
к = (2-33 0:30) y Y T Ibm -TUIbE: 





Ик = 0.93 ft- Ibt /lbm 


4. Loss due to bends: There are no bends, so Hp = 0. 

5. Loss due to changes in flow areas: There are no area changes up to the 
inlet of the tee, so H,, = 0. 

6. Loss due to fluid leaving the system: In this system the tee inlet has the 
same area as the pipe. so there is no exit loss. Hence, Hp = 0. 

The system friction loss for Part I is the sum of the component pressure 
losses: 


Пір = Hy + Hy, T НЕ + Ay, + H iu + Hy (4.39) 
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Pari I -From Tee to Heater: 

2. Unit conversions: 
Qu = 100 GPM х 1.3368 х 107 ft /gal x 1 min/60s — 0.2228 ft /s 
ту = Орр = 0.2228IU /s x 61.721bm/ft^ — 13.75Ibm/s 


Step B: Select pipe schedule 
From equation (B.3): 


М, = 1000p/ S, — 1.000 x (600 — 14.7) psi/15.000 psi = 39 
Use schedule 40 (next higher size). 


Step C: Estimate internal pipe diameter 
Use equation (4.43) for pump discharge lines: 


Dj — 0.379957? (4.43) 
D; — 0.379(0.2228) ^* 
Dy, = 0.1975 1 


From Table C.3, the nearest larger pipe size is 2-in, schedule 40 
(Dy, = 0.2058 ft. Ay, = 0.03325 ft"). From the continuity equation, 
eg = On f Ap = 0.2228 ft" /s/0.03325 ft? = 6.7 ft/s. However. the calculated 
velocity of 6.7 ft/s 1s over the upper limit of 6 ft/s (see Table 4.8} recom- 
mended for fuel oil discharge lines. From Table C.3, the next larger pipe size 
is 3-in. schedule 40 ( D;, — 0.2557 ft, A4,, — 0.05134 ft"). From the continuity 
equation, ty = Oy/Ay = 0.2228 ft" /s/ 0.05134 ft? = 4.34 ft/s. Therefore. 
the 3-in. size should be selected. 


Step D: Estimate energy loss 


l. Less due to fluid entering the system: In this system the tee outlet is the 
same size as the heater inlet, so there is no entrance loss. Hence A;,, = 0. 
2. Loss due to pipe friction: The Reynolds number ts calculated using the 
following equation: 
aD 
Rey, = — (4.10) 
HEr 
61.72 Ibm/ft® x 4.34 ft/s x 0.2557 ft 
18.17 x 10? Ibf - s/ft? x 32.17 lbm - ft/Ibf - s- 
Ке), - 117.2 (laminar flow) 





Rey = 


Since Rey is less than 3,000, the flow is laminar, and the friction factor 15 
calculated using equation (4.21): 
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64 64 
= = = 0.5461 
fu Re, 1172 0 








The total length of straight pipe ts 1.5+84 144+545+45 = 38.5 ft. 


с fL v 
H iip = > D 2g (4.29) 
OC Ip 


i 





0.5461 x 38.5ft ы (4.34 4/5): 
0.2557 ft 2. x 32.17 Ibm - ft/Ibf . s? 
Ни = 24.07 ft . lbf /Ibm 


Hy, = 


3. Loss due to valves and fittings: 


Valves (from Table 4.5 for flanged pipe) 





K, (Hydraulic Institute) K. (Crane TP410) 
| angle 2.20 2.60 





The most conservative design would be to use the Crane value of K, — 2.60. 
The loss due to valves is calculated as follows: 


e 2 
У) Un 
Hy. = (« s: 


(4.34 ft/sY 
2 x 32.17]bm - ft/Ibf . 
Hi. = 0.76 ft - Ibf/Ibm 


Hj, = (2.60) 


Fittings (from Table 4.5) 


K, (Hydraulic Institute) K, (Crane TP410) 


4 3-in. 90 long- 4 x 0.25 = 1.00 4 x 0.28 = 1.12 
radius elbows 

| 2-in. tec branch 0.84 1.14 
flow 


The branch outlet of the tee has the flow of both pumps; therefore its 
velocity 1s 2V,. Using the most conservative values, the fitting loss is calcu- 
lated as follows: 
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3 3 
vy Auy 
Hire = Kapow = T Ke 0) 
(4.34 ft/sy (2 х 4.78) 
Нур = l 





4 —_ X) oo 
2x 37Ibm-f/lbf-S ^ 2 < 32.17 1bm - Rt/Ibf - 


4. Loss due to bends: There are no bends, therefore H;y, = ©. 

5. Loss due to changes in flow areas: The enlarger gradually increases the 
pipe diameter from 0.1723 ft to 0.2557 ft in a distance of 0.5 ft. From Table 
4.4, K, is calculated as follows for a gradual enlargement: 

р-а 0.2557- 0.1723 


“ = 0.083 
21, 2x 0.5 0.08: 





Therefore, K' — 0.18. 
, ; гү i 
«-«h- y] 
0.172227] 
K, = 0.18] I — 
EL 


K, — 0.05 





The loss due to the area change is therefore calculated as follows: 


e H 2 
H ija = > [< еш | 


f 





(2 x 4.78 ft/s)” 
2 x 32.17 bm : ft /Ibf - 52 


Hp, = 0.05 


6. Loss due to the fluid leaving the system: In this system the enlarger 
outlet has the same arca as the heater inlet, so there is no exit loss. Hence 
Hy. == 0. 

The system friction loss ts: 


Ни, = Hig + Aig + Aine + Ain t+ Hna t Ane (4.39) 
Hy. = 0 4- 24.07 4- 2.71 4-0 4- 0.07 4-0 
Н, = 26.85ft - Ibf/lbm 
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Part IH- Total System 


H, + Hi, + Hip = 2.43 + 26.85 = 29.28 ft . 1bf /lbm 


The total system pressure drop is therefore calculated as follows: 





> > 
g Uca 
AP system = {Р (z, — zi) + 2g + A (4.40) 


с 


(4.78 ft/s)" ~ (4.34 ft/s) 


APevstem == 62.37 Iom/ft | 0 -+ = ———— — 
Psys m/ | T 2x 3.7Ibm - ft/Ibf - 


4 29 28 ft - htm 


ApPsysem = 1.830 Ibf /f. x 11/144 in^ 
АРр,учет - 12.17 psi 


Example 4.4: Power Required to Pump Water. It is required to pump 
water at 100°F from Tank | to Tank 2 at the rate of 825 GPM with the 
piping system shown in Figure 4.6. Ail connecting piping is 6-in. schedule 
40 steel pipe. All valves and fittings are 6-in. size with welded connections. 
The total length of straight pipe is 590ft. Estimate the power that the 


anmo misi add he fid 
pump musi aad to ine fuia. 


Solution 


This example is solved by calculating friction losses as in Section 4.8 (the 
required pump power must overcome this friction). 


Step A: Data reduction 
1. Fluid properties (Table D.I at 14.696 psia and 100 F}: 
о = 62.00 1bm/ft", и = 4.432 x 10? If - s/fC 
2. Unit conversions: 
Q — 825 GPM x 1.3368 x 10^! ft'/gal x 1 min/60s — 1.838 ft^/s 
т = Ор = 1.838 fÜ /s x 61.001bm/ft? — 114Ibm/s 
Step B: Pipe schedule 
The pipe schedule is given as schedule 40 in the problem statement, 


Step C: Internal pipe diameter 
The pipe size is given as 6-1n. schedule 40 in the problem statement. 
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Sugden 
enlarge- 
ment 


ry = 
i) = oo 







Tank 2 









Standard elbow 








Inward projecting pipe 
Tank | 





Figure 4.6 Notation for Example 4.4. 


From Table C.3: 


е 
Г) O SOSA Ft — 
i VOD L, ға «ДАЈ ` 1 
t 


— 


From the continuity equation, v = Q/A = 1.838 ft /s/0.2006 ft? = 9.16 ft/s. 


Step D: Compute pumping power 
To calculate system loss. use the equations and methods of Section 4.8. 


|. Loss due to fluid entering the system. From Table 4.4 for a projecting 
pipe inlet, K; = l. The inlet loss is calculated using equation (4.28): 


178 Chapter 4 





2 
H, = K, s! (4.28) 
= 
9.16 ft/s)” 
на 916/9) 


2 x 32.17 Ibm - ft/Ibf - s? 
1.30 ft - Ibf/Ibm 


Am 
L 


2. Loss due to pipe friction. The Reynolds number is calculated using the 
following equation: 


Re = орт (4.10) 
HE, 
R 62.00 Ibm/ft^ x 9.16 ft/s x 0.5054 ft 
е n C E 
1.432 x 107? lbf - s/ft? x 32.171bm - ft/Ibf - s* 
Re — 623,058 (turbulent flow) 
The friction factor is then calculated using equation (4.25): 
| e 2125117 
f= ШЕСЕ] (4.25) 
/ | 14-210 (2 968 x 107 4 21:25 ) 
= |1.14— 2. х — 
. B10 (623058)? 


f — 0.0161 
The total length of straight pipe is 590 ft. 
c fL ta 
_ Je Y 29 
Hi, (5 х) (4 ) 
n 
0.0161 x 590ft (9.16 ft/s) 


0.5054ft — 2 x 32.17Ibm - ft/Ibf - s? 
H,, — 24.51 ft - Ibf/Ibm 


Hy — 


3. Loss due to valves and fittings: 


Valves (from Table 4.5 for 6-in. schedule 40 pipe) 


K, (Hydraulic Institute) K,, (Crane ТР410) 


| angle valve 2.10 2.24 
| globe valve 6.00 5.07 
УК, 8.10 7.31 
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The most conservative design would be to use the Hydraulic Institute value 
of X K. = 8.10. 


Fittings (from Table 4.5 for 6-in. schedule 40 pipe) 





Ky (Hydraulic Institute) Kj» (Crane TP410) 


| 90 standard elbow 0.27 0.45 
] 90 long-radius elbow 0.18 0.24 
X Ky. 0.45 0.69 





Again we take the most conservative = A, -- 0,69 (from Crane TP410). 
The valve and fitüng loss is calculated using equation (4.34): 


e T e v 
Н, = (к. x) 4 (к x) 
i PC. I “fp 
(9.16 1/5) 


2 x 32.171bm - ft/Ibf - s? 
H = 11.46 ft - Ibf/Ibm 


H., = (8.10 + 0.69) 





4. Loss due to bends: There are no bends; Hp = 0. 

5, Loss due to changes in flow areas: There are no area changes; H,, = 0. 

6. Loss due to fluid leaving the system: From Table 4.4, K, — 1.0. The 
loss due to the exit is therefore calculated from equation (4.38): 


3 
H, = — (4.38) 
22, 
H (9.16 1/6) 
“2 x 32.17 Ibm - ft/Ibf - s* 
H, = 1.30ft -ibf/lbm 





The system friction loss 1s: 


am 
+ 
ә 
C 
a 


Hy = Н; + Н + H + Н, + Н, + ТЕ, 


H, = 1.30 + 24.51 + 11.46 + 0 + 0 + 1.30 
H, = 38.57 ft - Ibf /Ibm 


The pump must supply the energy required to balance equation (3.22): 


n) 
W,- Eq (sz) ELS x 4L Un - P) P 


€ C 


— + Н 
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If the water surface in Tank } is taken as the inlet, then V; = 0. In like 
manner, if the surface in Tank 2 is taken as the exit, then V,, = 0. Using 
this logic, P, = P, = atmospheric pressure. Substitution into the preceding 
equation yields the following: 
32.17 ft/s” 
W, = 35 71pm fU. s 328 ft — 0) -- 0 -- 0 + 38.57 ft - Ibf/lbm 
P 7 33371bm - fUIbE si | )+0+0+ / 
Wp = 366.57 ft - lbf/lbm 


The pump power is the calculated energy multiplied by the mass flow rate: 
p = Wp 


| hp 
550 ft - Ibf/s 


P 
P, — 366.57 ft - Ibf/Ibm x 1141bm/s x 
P 


p = 76hp 


4.12 COMPRESSIBLE FLOW IN PIPES 


ft is recommended that. Section 3.4, "Gas Dynamics," be reviewed before 
proceeding with this section. 

[n most engineering applications, the cost of large energy losses limits the 
pressure drops in piping systems to less than one-tenth of the inlet pressure. 
For all practical purposes. the use of the incompressible equations for com- 
pressible fluids 1$ satisfactory, provided that Ap/p, « 0.10. 

Some real situations where incompressible flow equations will not give 
satisfactory results are: 


Flow of gases in insulated ducts where Ap/p, >0./. The Fanno line function 
(Table 3.4) should be used in such applications (see Example 4.5). 

Flow of steam at high velocities. In applications such as the flow through 
safety valve vents, start-up lines to a condenser, and flow through tem- 
porary blowout lines to the atmosphere, satisfactory results may be 
obtained by assuming that steam follows a Fanno linc function as an 
ideal gas with ап isentropic exponent of l. 3 (see Example 4. 6). 

Long natural gas pipe lines. In this application the ow may be assumed to 
be isothermal and the equations of Section 3.4 may be used (See Example 
4.7). If equation (3.[84) is solved for mass flow rate, the following results: 





0р7 ғ) 


№ = А (4.51) 
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Example 4.5: Air «t high velocity. Air at 122 F and 200 psia enters a 
10-in. schedule 40 pipe with a mass flow rate of 757.000 Ibm/hr. The 
insulated horizontal pipe is 117 ft, 3 in. long. Determine (a) pressure loss 
for incompressible flow and (b) T>, p>. and ғ: for Fanno flow. 


Solution 


In this example only the pressure loss in straight pipe is involved, so equa- 
tion (4.22) may be used for incompressible flow and Table 3.4 for Fanno 
flow. 


(a) Data acquisition 
|. Fluid properties: 
Table D.2 Ai, M — 28.97lbm/lbmol. 


R= i = 1545 ft - ibf/(Ibmol)(R)/28.97 lbm/Ibmole 


= 53.33 ft - Ibf/(Ibm - В) 


Table D.2 Air at 122 F, p — 4.10 x 10°‘ Ibf-s/ft®, k = 1.401 = 1.4. 
2. Pipe properties (Table C.3, 10-in. Schedule 40): 
Р = 0.83500. 4 = 0.5476 
For complete turbulence 
Ja = 0.01343: Re for fx = 17.810.000 
3. Unit conversions: 


ri = 751,000 Ibm/hr/3600 s/hr — 210.28 Ibm/s 
L=ll7+# = 17256. Т, = 122 +460 = 582 R 


4. Friction factor: The Reynolds number is calculated using the following 
equation: 


A 111 


Re = — 4.12 
< рив, (#15) 
Re 4 x 210.28 lbm/s 
“T a x 0.8350 ft x 4.10 x 10-7 Ib - s/fU. x 32.17 Ibm - ft/Ibf - s^ 


Re — 24.310.000 





Since the Reynolds number is greater than Re for f. the friction factor is 
independent of Reynolds number and f = fx = 0.01343. 
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5. Inlet velocity: The inlet density is calculated using equation (1.39): 





I'l 
| КТ, ) 


|. 200lbf/in x 144in_/ft 
Pl ~ 533 33 ft. lbf(lbm- R) x 582-R 
p, — 0.9279 Ibm /ft 


The inlet velocity is calculated from the continuity equation as follows: 


v = — 
! pA 
210.28 lbm/s 


~ 0.9279 Ibm/fP x 0.5476 f£? 
v, — 413.84 ft/s 





| 


Part (a)— incompressible pressure loss: 


. 2 
Ap = (5) P (4.22) 
0.01343 x 117.25 ft 0.9279 Ibm/ft^ x (413.83 ft/sy 

- (мыны) БРБЕРЛЕЛГЛЕСІЛЕГЕЕ 
Ap = 4657.651bf /ft2 « 1 ft?/144 in? 
Ap = 32.34 psl 
Ap 32.24 
57 397 0.1617 


Part (b) —Fanno flow: 


і. Inlet. Mach. number: (The inlet acoustic velocity is calculated using 
equation (1.59): 


Сү == v kg, RT| (1.59) 


e) = /1.4x 32.17 (Ibm - ft/Ibf - s? x 53.33 ft - lIbf/(Ibm - R) x 582R 


The inlet Mach number is calculated from equation (3.94): 


My == (3.94) 
_ 413.84 ft/s 
| 1182.32 ft/s 


M, —0.35 
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2. From Table 3.4 (Fanno Line Functions) at k = 1.4 at M, = 0.35: 
Т/Т“ = 1.171, рур“ = 3.092, 01 = 0.3788, 07/0 = 3.452. LĪ is calcu- 
lated as follows: 


Li\ D 


0.8350 ft 
0.01343 
Lt — 214.63 ft 





17 = 3.452 х 


L5 is calculated as follows: 
15 = Li - © = 214.63 ~ 117.25 = 97.38 ft 
Therefore, /L5/ D 1s calculated as follows: 


fL 0.01343 x 97.38 fi 


D 0.8350 ft 
ША 
-— = 1,5 

D 66 


3. From Table 3.4 {Fanno Line Functions) at k = 1.4 and /L5 — 1.566: 
M, = 0.45, T)/T* = 1.153, po/p*™ — 2.386, v/v" — 0.4833. 





T,/T' 
1.153 
Т, = 582 RT) 
T, = 573 R — 460 
Tə = 113 F 





uu pelt 
P= P| (ur 


2356) 
P = 200 psia( 225. 


` Z 


p = 154.33 psia 
Ap = р = р = 200 — 154.33 = 45.67 psi 


Ap _ 45.67 


= 0.228 
P1 200 
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(2) 
ta = UI 
2 ле 


` 7 








I! 


v 


0.4833 
413.84 (oos) 


v =528 ft/s 


Example 4.6: Main Steam Blowout Line. A main steam blowout line is 
8-in. schedule 40 commercial steel pipe and has an equivalent length of 
272.25 ft. Estimate the mass flow rate through the line and the exit condi- 
tions if the line is blown at a constant boiler pressure of 1500 psia (as- 
sume the steam is a saturated vapor). 


Solution 


This solution assumes that steam follows a Fanno line function as an ideal 
gas with an isentropic exponent of 1.3. 


(a) Data acquisition 
(1) Fluid properties: 
Table D.1 —Water M — 18.01 5Ibm/lb-mole: 


7 


R = Ë = 1545 ft - bf /(lb moD( R)/18.015 Ibm/Ib-mole 
— 85.76 ft Ibf/(ibm - R) 


Table D.3 -Saturated water (vapor) at 1500 psia: 


Tor = Tyar = 596.90 F = 596.90 + 460 = 1057 R (Note: stagnation 


conditions exist in the steam drum.) 
llo = 4.284 x 1077 Ibf - s/ft? 
(2) Pipe properties (Table C.3 for 8-in. schedule 40 pipe}: 
D =0.6651 ft, — 4 —03474ft 


For complete turbulence: 


f< = 0.01407; Re for / = 14,190,000 


(b) Inlet Mach number 
Assume complete turbulence, and then check the assumption: 
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(4) 0.01407 х 272.25 
D) 0.6651 1 


ILIN 
( 5 ) = 5.759 


From Table 3.4 (Fanno Line Functions) at £ = 1.3 and (fr /D = 5.759: 
M, = 0.30, 7,/T* = 1.135, p,/p* = 3.551, v/v" = p*/p, = 0.3196. 

From Table 3.1 (Isentropic Flow Functions) at A = 1.3 and M, = 0.30: 
Ti / Ty — 0.9867, p, /pg, — 0.9435. 





(c) Pressure and temperature 

Stagnation conditions exist in the steam drum. Therefore, pressure and 
temperature must be converted to static conditions at the blowout pipe 
inlet as follows: 


Pi = Po (2) = 1500 psia x 0.9435 = 1415 руа 
01 


Т, = Ty (=) = 1057 R x 0.9867 = 1043 R 


01 


P = р 
КТ, 
14151bf /in.^ x 144in.^ /ft 
P! 7 85.76 ft - Ibf/übm - R) x 1043 R 
pi = 2.278lbm/fC 


1.2 
“2 
м 


(d) Inlet velocity 
The inlet velocity 1s calculated using equation (3.94): 


"| — My ke RT (3.94) 
f 

v = 0.304 1.3 x 31.171bm - ft/Ibf - s? x 85.76 ft. Ibf/(Ibm - R) x 1043 R 

vy = 580 1/8 





(e) Exit conditions 
Exit condition calculations are made by noting that sonic velocity is the 
maximum velocity that can exist in the pipe: 
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l . . 
р,=р = z= 1415 psia/3.551 = 398 psia 
° pip 
Т 
T, = T* = = 1043 R/1.135 = 919 R — 460 = 459 F 
Т1/Т" 
vy = ot = — 1 = 580 ft/s/0.3196 = 1815 ft/s 
те 
ру = д" = 7 - — 2.278 Ibm/ft x 0.3196 — 0.7280 Ibm /ft 
pip 


(f) Mass flow rate 
The mass flow rate is calculated using the continuity equation: 


m = pAn = 2.278 Ibm/ft? x 0.3474 ft^ x 580 ft/s — 458 Ibm/s 
(g) Assumption of complete turbulence 


Check the assumption of complete turbulence: 


4m 





= 4.12 
zDugs, ( ) 


Е 4 x 458 Ibm/s 
~ 7 x 0.6651 ft x 4.284 x 10-7 Ibf - s/fU x 32.17 Ibm - ft/Ibf /Ibf - s 
Ве = 63.600.000 


Darasa tha c П... ТА пи imbe == ren ee 1с num 
DEecdaust UIL calculated ыу» пиши is greater than the Reynolds l1ulii- 


er for f,, (14,190,000), the assumption of complete turbulence is valid. 

Note: An energy analysis using actual steam properties resulted in the 
occurrence of choking flow at a pressure of 420 psia with a quality of 
88.32%. At this condition the mass flow rate in the pipe was 670 Ibm/s. 
Thus, if condensation had taken place, there would have been a margin of 
safety of 100(670/578) 2 11675. 


Example 4.7: Capacity of a Long Natural Gas Pipeline. Determine the 
carrying capacity in cubic feet of natural gas per hour at standard condi- 
tions (14.7 psia, 60 F) of a 60-mile-long, 8-in. schedule 30 pipe if the initial 
pressure is 315 psia, final pressure is 45 psia, flowing temperature is 60 Е, 
specific gravity is 0.7, and viscosity is 0.225 x 10-79 ft . Ibf . s/ft^. 


Solution 


Approach: This example is solved assuming isothermal flow and applying 
equation (4.51). 


(a) Data acquisition 


(1) Fluid properties: From Table D.2 for air, M,, = 28.97 Ibm/Ib-mole: 
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Mig = SM, = 0.7 x 28.97 Ibm/Ib-mole — 20.28 Ibm/]b-mole 


QR 1545 ft - Ib /(Ib - mol( R) 
— M, 20.28 lbm/Ib-mole = 76.18 ft - Ibf/Ibm R 





T = 60 + 460 = 520 R 
Standard density: 


nm 
КТ, 
14.7 1bf /in.” x 144in. /f 
Ps = 76.18 ft- lbf/(Ibm- R) x 520R 
p, = 0.0534 Ibm/ft 


(2) Pipe properties: From Table C.3 for 8-in. schedule 30 pipe: 


D — 0.6726 ft, А = 0.3553 ft" 
fe = 0.01404, Re,, = 14,350,000 


B -4 
D> 2.23 х 10 


First Trial—Assume complete turbulence and then check: 









g Ap) — ps) 
Pi AL 

T\ 2log, {— — 
R | ve (2) 


ii — 0.3553 [0 


то = А 


32.17 Ibm . ft/Ibf - s"((315Ibf/in.? x 144in2/f y 
—(45 Ibf /in.? x 144in2/ft?y] 
315 psia 
45 psia ) 
, (0.01404)(60miX5280 d 
0.6726 ft 








(76.18 ft - Ibf/Ibm - R)(520 vj los ( 





The first trial Reynolds number is calculated using equation (4.12): 


187 


(1.39) 


(4.51) 
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(4.12) 





4т 
Ке; = 
Dug, 


4 x 5.588 Ibm/s 
m x 0.6726 ft x 0.225 x 10-5 Ibf - s/f? x 32.17 Ibm - ft/Ibf - s° 
Ке, - 1,461,000 


Re, = 


The first trial friction factor is calculated using equation (4.25). 


£ 2125SN] 

21.25 -= 
`= [1.14 — 2log {2.23 0 + os) 
ДА | ( s x 1.461.000" 

f; 2 0.01474 


Second trial —The second trial, using the first trial friction factor substt- 
tuted in equation (4.51), resulted in Res = 1,426,000. Convergence to Re, 
was achieved on the third trial with #7 = 5.4506 !bm,/'s. The volumetric flow 
rate at standard conditions is calculated from the continuity equation, using 
the standard density previously determined: 

Q m 5.4506 Ibm/s 
р, 0.0534 ft* Ibm 
— 102 ft' /s x 3600 s/hr — 367.200 ft^ /hr 


+= `. 


= ]02 ft” /s 


4.13 NONCIRCULAR PIPES 


The Colebrook equation may be used for noncircular pipes. To solve such 
problems, an equivalent (circular) diameter is obtained from the hydraulic 
radius and substituted for diameter in Reynolds number and friction factor 
equations. The hydraulic radius (which is also used to compute flow losses in 
conduits partially filled with liquids) is defined as follows: 


. fluid flow area A 
hydraulic radius = “аа La = R; = (4.52) 
МУУ МАКАТ pet ЛУЈА i 


The wetted perimeter is the length of wall in contact with the flowing fluid 
at a given cross section. The hydraulic radius ts related to the diameter of a 
circular pipe as follows: 


DA D 
R, =“ / те 





лр 4 


Therefore, the equivalent diameter is expressed as follows: 
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Б, - 4В, (4.53) 


Example 4.8 illustrates the calculation of friction loss in noncircular pipes 
and ducts. 


Example 4.8: Loss in a Rectangular Duct. Air at 122 F and 14.7 psia 
flows in a rectangular duct | ft x 3 ft at a rate of 150 ft^/s. The duct is 
horizontal and 1000 ft long and is made of galvanized iron. Estimate the 
pressure loss due to friction in this duct. 


Solution 


This problem is solved by substituting the equivalent diameter, as described 
earlier. and then computing pressure loss as if the duct were a circular pipe. 


(a) Data acquisition 


(1) Fluid properties: From Table D.2 for air at 122 F and atmospheric 
pressure: 


p = 0.0684Ibm/f. — 4 — 0.410 x 10 * Ibf - s/ft^ 


(2) Duct properties: From Table 4.3 for galvanized iron, 
& — 500 x 10 * ft. 


(3) Equivalent diameter. A — lft x 3ft = 3 ft 


A 3ft 
P (343414 ))ft 





3. 
К} = -gl! 


The equivalent diameter is: 


D, =4R,=4x Š f= 1.5 


(b) Velocity and mass flow rate 
The velocity and the mass flow rate are computed from the continuity 
equation: 


v = 50ft/s 


20 1500/8 
TA зге 
т = оАо = рО = 0.0684 lbm/ft x 150 ft?/s = 10.26 lbm/s 


(c) Reynolds number 
The Reynolds number is calculated with the help of equation (4.12): 
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4m 
Re = 4.12 
° TD UE, (412) 





R 4 x 10.26 1bm/s 

е = 5 
m x l.5ft x 0.410 x 10-°lbf- s/f x 32.171bm . ft /Ibf . s2 

Re = 660,300 





(d) Friction factor 
The friction factor is calculated with equation (4.25): 


| £ 2125N1 
500 х10-®п 2125 N] 
= {114 21 wo „с 
/ | 4 2 ot | Sft + алы) 
f = 0.01635 


(e) Pressure loss 
The pressure loss is computed from equation (4.22), assuming incompres- 
sible flow: 


{L pie 
-|--)а- 4.22 
Ар (52) 2g, ) 
_ (0.01635 x 1000ft 0.0684 Ibm/ft^ x (50 ft/sy* 
Е |. Sft 2 x 32.17 Ibm - ft/IbE - s? 


| ft 


— 28.97 Ibf /f x — — = 0.20 psi 
Ap = 28.97 Ibf /fU x їйї? psi 





Verifying the assumption of incompressible flow: 


Ap 0.20 en 
OP = 0014 «0.1 (the assumption is correct) 
p 414.7 


4.14 HAZEN-WILLIAMS EQUATION 


For fifty years the Colebrook equation and the Moody chart have been 
universally accepted as a rational basis for calculating the flow of fluids in 
pipes. The empirical equation described in this section has not appeared in 
college fluid mechanics texts for over a quarter of a century. However, many 
practicing engincers engaged in design stil] use this equation to calculate the 
flow of water. 
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Hazen and Williams (1920) published the results of a study of all avail- 
able experimental data on the flow of water in pipes. The pipes ranged in 
diameter from lin. to 180in., and the materials included tin, lead. brass, 
wrought iron, cast iron, riveted steel, wood. cement, brick. and glass. They 
plotted the results on a log-log graph paper and proposed the following 
equation: 


b= Caw Ry 770.0179 — L318Cyi R5 S2 (4.54) 


In equation (4.54), v is the velocity in ft/s, Cj," is the Hazen Williams 
coefficient, R, is the hydraulic radius in ft. and Уу is the hydraulic slope 
In ft ft. 

Commonly uscd values of Ca are given in Table 4.9. Because this 
equation is still widely used to calculate flow for water supply systems, a 
lower limit is provided in Table 4.9 to account for the aging process. 

The hydraulic slope 57 is defined as follows: 

gH, 3217H; H, 


"E eL = чур L (standard gravity) (4.55) 


Table 4.9) Hazen Williams coefficients (Сур) 





Range 








Type of pipe or - . Average Long-life design 
tubing High (best) Low (poor) new pipe values 
Brass 150 120 140 130 
Cast iron 150 80 120 100 
Сетепі 160 140 150 140 
Cement lined steel 150 140 
Concrete 152 85 120 100 
Соррег 150 120 140 130 
Corrugated steel 60 60 
Glass 150 120 140 130 
Lcad 150 120 140 130 
Spiral-riveted steel 108 95 
Tar-coated cast iron 145 80 130 100 
Tin 150 120 140 130 
Vitrified 110 100 
Welded and 150 80 140 100 
seamless steel 
Wood-stave 145 110 120 110 


Wrought iron 150 80 130 100 
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For circular pipes, R, = D/4, from equation (4.53). Substituting equations 
(4.53) and (4.55) in equation (4.54) results in the following expression: 


D 0.63 H 0.54 0.5503C .p9 € 779.94 
v = 1.318C yw (2) (2) = — (4.56) 


The volumetric flow rate may be obtained by substituting v from equa- 
tion (4.56) into the continuity equation (Q = Av): 





D*\ 0.5503 C yy Do? HE 0.4322C yy D? Н? 
Q - Av - [7 = MEM Tes (457 
4 195 10:54 
Solving equation (4.57) for ff, results in the following: 
4.782 LQ 552 
н, = 21810 458) 


pcs 
The relationship of the friction factor / to the Hazen- Williams coefficient 
Cy y may be established by solving equation (4.56) for H, and equating it to 
equation (4.4): 
30025L; 75 — (4) т 
DUT CT RS D } 2. 





Solving for f yields the following: 
| 194.46 
f= CHS (Dye рол!» (4.59) 


If equation (4.59) is multiplied by 1357 0145 and noting that the kinematic 
viscosity of water at 60F is 12.31 x 10° ft?/s and that Re = vD/v from 


equation (4.10), the results are as follows: 
194.46 194.46 


f= "m 0.148 = TAL 852 B 40.148 790.019 2610148 
(2) 0.019 0.148 Сни Ке "0 (12.31 x 10) 





:1.852 
Сий 


1036 
/ — (352 201148 pyD.019 
УП t ud 


(4.60) 


H 


The friction factor obtained using equation (4.60) with Cy; for steel pipe 
of 140 compares favorably with the Colebrook equation (cquation (4.24)) 
for pipe sizes 2 in. and greater and for velocities from 3 ft/s to 10 ft/s. 

The Hazen Williams equation may be used with accuracy with fluids 
whose viscosity is close to that of water at 60°F. It will permit direct solu- 
tions to network problems. This equation should not be used outside these 
limits. 
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Example 4,9: Use of the Hazen -Williams equation, The water network 
system shown in Fig. 4.7 has an energy loss of 200 ft. Ibf/lbm between 
secuons A and D. The pipes are new 250 psi cast iron. Using the Hazen- 
Williams equation, estimate the volumetric flow rate. 


Solution 


This example is solved by noting that for the parallel flow between sections 
B and C. the energy loss is the same for the 12-in. and the !6-in. pipes. The 
series flow between sections A and D is the sum of the energy loss for each 
section. 

(a) Pipe properties (Table C.4- 250-psi cast iron) 





Standard size Inside diameter- fi 
12 in. 1.013 
16 in. 1.345 
20 in. 1.680 
24 in. 2.018 





From Table 4.9 for average new cast iron pipe, Cu; = 130. 
(b) Flow through parallel section B to C: 


4.728L 012° 4.728L 1 O 12 


H, 5 = —— = Ну = (4.58) 
2 4.870 1.852 rls 4.870 71.852 
Dis Chw Dis C HW 


Solving thts equation for Qj,/Q)2 yiclds the following: 


5,000 ft - 1A 


10,000 ft -24" N 


ums s 


3,000 ft - 16" 






C 


B 
- Hf—= 200 rt-Ib¢/Iom > 


Figure 4.7 Notation for Example 4.9. 
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9 ЕЕ (Dy "^ 


Qo | Lie \021/ 1 
0,54 
Qu - ЕЧ =) 27169 





Qi; 13000 VI.013 

The total flow Q through both pipes is: 
Q = Qi t Qi = 277701 + Ор = 3.77701 

Qj; — 0.2648Q 
(c) Flow through system 

Hy = H ian + Hisce t Hiep 
Substituting in equation (4.58) ytelds the following: 

4728L4Q' "^ 4,7281,.(0.26480У 55 4,7281,05 





H, = — + 3 + 4.58 
DE CHE DCA psmcy 47) 
4.728 x 10.0000 9? 4,728 х 5,000 х 0.2648 204 
200 - 2 0184870130252 + 1013927301 82 


4.728 х 8,0000: 
l 6804870 1 101-552 
200 = 0.78610'* 


Q = 19.9 ft` /s 
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Flow in Open Channels 


5.1 INTRODUCTION 


It it the intent of this chapter briefly to describe and illustrate some of the 


immnmortan regeardine flow in open channels. Included ts suffi 


s regarding flow in open channels, Included is suffi 
cient information to design rectangular and triangular weirs using American 
Society of Mechanical Engineers coefficients and corrections. The examples 
in this chapter are solved in USCS units only, but all the equations may be 
used with either set of units. 


5.2 BACKGROUND 


An open channel is a conduit in which a liquid flows with a free surface 
subjected to a constant pressure. Flow of water in natural streams, artifi- 
cial canals, irrigation ditches, sewers. and flumes are examples where the 
water surface is subject to atmospheric pressure. The flow of any liquid in 
a pipe where there is a free liquid surface is an example of open channel 
fiow where the liquid surface may be subjected to the pressure existing in 
the pipe. 

The flow of fluids in open channels was first described in detail by Sextus 
Julius Frontinus (A.D. 40- 103), who published a treatise on Roman meth- 
ods of water distribution. Antoine Chezy (1718-1798) formulated similarity 
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parameters for predicting flow characteristics of one channel from measurc- 
ments carried out on another. 


5.3 DEFINITIONS 


Energy relations for open channel flow may be determined by modifying the 
Bernoulli equation (3.24) to include a term for friction loss. The resulting 
equation becomes: 


Z] ++ =, += 
y 2g 





«Бан, (5.1) 


H, in this equation is the head lost due to friction. Note that all the terms in 
equation (5.1) have dimensions of length. Figure 5.1 is a plot of equation 
(5.1) and assumes that the channel is of uniform cross section. 

The energy grade line is the sum of all the available energy 
(z + 1° /2g + р/у). 

The hydraulic grade line is the sum of the potential and pressure energies 
and is also the liquid surface {z + p/y). 

The distance between the liquid surface and the bottom of the channel is 
sometimes called the stage and is denoted by the symbol + in Figure 5.1. 


Channel width 
La 
Liquid Surface 


mI е-е. 







Figure 5.1 Notation for open channel flow study. 
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When the stages between the sections are not uniform, that is, vj Æ y2, OT 
the cross section of the channel changes, or both, then the flow is said to be 
varied, 

When a liquid flows in a channel of uniform cross section and the slope of 
the surface is the same as the slope of the bottom of the channel 
(vi =y = y2), then the flow is said to be uniform. 

The s/ope of a channel, S., is the change in elevation per unit of hor- 
izontal distance. For small slopes, this is equivalent to dividing the change in 
elevation by the distance L measured along the channel bottom between two 
sections. For steady, uniform flow, the velocity is uniform at all sections of 
the channel, so the energy grade line has the same angle as the bottom of the 
channel. S. can therefore be expressed as follows: 

` -1 - 

5-- Т 
For uniform flow, v, — 15», and at any streamtube p, = p>. so equation (5.1) 
reduces to the following: 





(5.2) 


Н; 2) -- 25 (5.3) 
Substituting equation (5.3) in equation (5.2) yields equation (5.4): 
2р5) H, 
5. = 1-1 (5.4) 


5.4 PARAMETER FOR OPEN CHANNEL FLOW 


Consider the steady, uniform flow of a liquid in an open channel produced 
by a gravity of g. The liquid flows with a velocity of » and has a density of p, 
viscosity of uL. and a surface tension of o. The channel has an absolute 
surface roughness of ¢. The flow has a hydraulic radius of R,. It can be 
shown from dimensional analysis (see, for example, Manning, 1896) that the 
following relationships are valid: 


u = BY Ryd (5.5) 
where 
F = (Ке. И, 27) 
= с, , —— 
i 4R, 


The Weber number (W) is a dimensionless parameter representing the ratio 
of inertia forces to surface tension forces. W can be written as (pli /og,). 
It is conventional practice to write equation (5.5) in the following form: 
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v= С-у Rng (5.6) 


C. in this equation is known as the Chezy coefficient. The functional rela- 
tionship of C. can be expressed as follows: 
&£ 


C. — f(Re. W, 
ве и 


. g) 


Relationship Between Friction Factor and Chezy Coefficient 


The head lost due to friction H, and the energy lost due to friction Hy are 
related as follows: 
H, =“ H, (5.7) 
8 
Н, сап бе written in terms of the friction factor, f, according to equation 
(4.5). Substituting this expression into equation (5.7), and noting from equa- 
tion (4.53) that D = 4R,, results in the following: 


H, _ fiw fle 


= = 5.8 
D2g 8R (5-8) 





Solving equation (5.8) for velocity, and noting from equation (5.4) that 
S, = H,/L, yields equation (5.9): 


8H, Rag 85. Rig 
v= [z | ——— (5.9) 
ү JL ү / 


Setting equation (5.8) equal to equation (5.6) and solving for C. gives the 
following relationship: 


IBS. R 
U= 5и = С-у R,S. 


or 
С. = [58 (5.10) 


For open channel flow. the Chezy coefficient is calculated by means of the 
Manning equation, which was developed from the examination of experi- 
mental results of water tests. The Manning relation is stated as equation 
(5.11): 
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c 0.260,/5 8/4 


іт 
ы 


(5.11) 


where z is a roughness factor with units of fe! (тп!) 
Replacing C, in equation (5.6) with its value from equation (5.11) gives 
the following equation for velocity: 


0.2620, /z R/Ó 0.26206! 7 R 1^ 
s = С. R S. — — R,S.— DOMUS р әр (5.12) 
H H 


From the dimensional analysis, n should be a function of Reynolds 
number, Weber number, and relative roughness. Since only water test 
data obtained at ordinary temperatures support this value. it must be 
assumed that # is the value for turbulent flow only. Since surface tension 
is a weak property, the effects of Weber number variation are negligible, 
leaving # to be some function of surface roughness. Design values of 7 are 
given in Table 5.1. 


Example 5.1: Flow i an Open Channel. Water flows in a rubble-lined 
trapezoidal channel at a depth of 13 ft. The sides slope at 45°. and the 
bottom width 1s 66 ft. If the channel drops 9ft per 10,000 ft, estimate (a) 


the average velocity and (b) the volumetric flow rate. 


Solution 


This example is solved by the application of equation (5.12) and the con- 
tinuity equation. 


|l. Roughness coefficient n: From Table 5.1, for a rubble-lined channel, 
n = 0.025 ft! 
2. Chunnel properties; From Table C.2 for a trapezoidal channel with a 
45 «іорс: 
А = (Б + Р)А 


t 


(66 4-13) — 1027ft 


(b + nh 1027 
=F TRIB 6642308 x [3^ 7223 





3. Hydraulic slope: From equation (5.4), S. — (z; — 22)/L = 9/10.000 = 
0.0009 ft/ft. 


a. Velocity [from equation (5.12)]: 
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Table 5.1 Values of Manning’s Roughness Factor, n 











n 
Type of surface [c^ m^? 
Brick 0.016 0.013 
Cast iron 0.015 0.012 
Concrete, finished 0.012 0.010 
Concrete, unfinished 0.014 0.012 
Corrugated metal 0.022 0.018 
Earth, good condition 0.025 0.02] 
Earth, with stones and weeds 0.035 0.029 
Gravel 0.029 0.024 
Riveted steel 0.018 0.015 
Rubble 0.025 0.021 
Wood, planed 0.012 0.010 
Wood, unplaned 0.013 0.011 

2 02620477 Rs? 

"= п 

„ _ 0:2620(32.17)/7(9.993)7 (0.0009) ^ (5.12) 


0.025 
v = 8.273 ft/s 


b. Flow rate: 


Q = Au = 1027 fC x 8.273 ft/s — 8.496 ft" /s 


5.5 MAXIMUM HYDRAULIC RADIUS 


If equation (5.1) is substituted for » in the continuity equation, then the 

following expression for flow rate is obtained: 
1/2 p2/3 e? 

Q — Ac — 0262048 RI S: 


Examination of equation (5.13) indicates that, for a given roughness, slope, 
and area, the volume rate of flow will be a maximum when the hydraulic 
radius is a maximum. 


(5.13) 


H 
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The maximum hydraulic radius may be determined as follows: From 
Table C.2, the hydraulic radius of a trapezoid is given by equation (5.14): 


A 


В, = — 5.1 
h b + h(cosec œ + cosec fl) (5.14) 
The area of a trapezoid is given as follows: 
l 
A= [bh + sh(cota + cot p)yh (5.15) 


Solving equation (5.15) for ^ and substituting in equation (5.14) yields the 
following expression for hydraulic radius: 


EU 
R, = i cot « 4- cot f (9.16) 
PEN (сокс оа + соѕес 8 — — 
Lct 
cot t 
cosec œ + coscc В- — = K (a constant) (5.17) 


Substituting equation (5.17) in equation (5.16) simplifies the expression for 
hydraulic radius: 








R, = — (5.18) 
Differentiating equation (5.18) with respect to # gives the following: 

JR, = (А + зл OR dh)) (5.19) 
To find the maximum value of R,, set equation (5.19) equal to zero: 

dR, (At Kh^)A — 2AKI? 

dh (4 + KFY 
or 

А = Ki (5.20) 


Substituting equation (5.20) in equation (5.18) gives the final result for 
maximum hydraulic radius: 
Kirk ñ 


R , = шш — 
h max Kir + Ki? 2 (5.21) 
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Since rectangular, square, and triangular channels are a special case of 
the trapezoidal channel, Ry max = 4/2 must also apply. Table C.2 gives 
values of Ry max for various channel shapes. 

Example 5.2: Maximum | Hydraulic Radius. A brick-lined rectangular 
channel is to carry 200 ft"/s of water. If the channel slope is 1 in 10,000, 
what should be the size of the channel? 


Solution 
This simple example is solved by application of the principles and equations 
given in this section. 
l. Roughness coefficient, n. From Table 5.1 for a brick-lined channel, п = 
0.016 fe 
2. Channel properties: From Table C.2 for a rectangular channel maxi- 
mum hydraulic radius: 


; = 0.5 or b= 2h 


7 
A= bh = 2h° (a) 
h 
Ri max = 5 (b) 
2 
Substituting equation (a) and equation (b) in equation (5.13) yields: 


202620462 қ SU? 





Q 
n 
2 1/2 2/3 1/2 
599 — 0262024732. 17) (4/2 (1/10.000) (5.13) 
0.016 
h = 6.875ft 


b = 2h = 6.875 x 2 = 13.75 ft 


5.6 SPECIFIC ENERGY 


Specific energy 1s defined as the energy of the fluid referred to the bottom of 
the channel as the datum, as shown in Figure 5.2. Thus, the specific energy. 
E, at any section is given by the following: 

2 


Е= уф (5.22) 
28 
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| Liquid Surface 
+ (hydraulic grade line) 





Figure 5.2 Notation for specific energy study. 


Equation (5.22) may be written in terms of volumetric flow rate by substi- 
tuting from the continuity equation, e — Q/4A: 
2 
A - 
£= © (5.23) 
- 2g 
For a rectangular channel whose width is b, A = Ay; and if g is defined as the 
flow rate per unit width (gy = Q/+), then equation (5.23) may be written as 
follows: 


(QAY yhibyy WY 


Е = тү 
+ 2g i 2g 29 








(5.24) 


Critical Values for Rectangular Channels 


Critical values of specific energy, E,. depth, r., and unit flow rate, g,, may be 
derived by differentiating equation (5.24) with respect to v and setting the 
first derivative equal to zero; 








r 57] ^ 
dE d (АЗЕ —2q' 
— = — : - = D = ] 
ау dy . + 2g | + 20ү“ 
or 
= уя (5.25) 


Substituting equation (5.25) in equation (5.24) yields the following expres- 
sion for critical specific energy: 
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4 3 2 
[f C v t 7 Ve Ye n 3r, 
аот) = y +: El == 57 (5.26) 


“> 


Е = ү, + 


Critical velocity, e,. may be obtained from equation (5.22) and equation 
(5.26): 


» "s 
=N TD 


22 


BS 


or 


ыл ух (5.27) 


Figure 5.3 shows the relation of depth to specific energy for a constant 
flow rate. and Figure 5.4 shows the relation between depth and flow rate for 
a constant specific energy. If the depth ts greater than the critical value, then 
the flow is subcritical: at critical depth it is critica’, and at depths below 
critical, the flow is supercritical. For a given specific energy there is a max- 
imum unit flow rate that can exist. It should be noted from equation (5.27) 
that 


Ceo 
Vee 


Substituting the general relation for Froude number (F = wig”) in equa- 
tion (5.22) yields the following: 


[= Р 


t 


(critical Froude number) 






Subcritical fiow 


Critical flow 
Supercritical flow 





E 


Figure 5.3 Specific energy diagram. q — constant. 
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Y 





Supercritical 






T ama rete eA FR aera A PEE o eret eh ore a Piso 4 Eneas e hee ases tensota s entans eue] bonas Critical 


Subcritical 






| Te 


Figure 5.4 Depth vs. unit flow rate for constant specific energy. 


2 F? F? 
Е-с-уі--у ы -( +5) (5.28) 





^ 2g 2g 


Equation (5.28) may be rearranged in the form shown in equation (5.29): 


l 2 

ro l 2 (5.29) 
E ү(1+Е/2) 2+ Е 

Examination of equation (5.29) indicates the following: 


F<], т/Е<2/3 flow is subcritical 
Foal, т/Е-2/3 flow is critical 
Fol, v/E > 2/3 flow is supercritical 


It is seen that for open channel flow. the Froude number determines the 
types of low in the same manner that Mach number does for compressible 
flow. 


Example 5.3: Subcritical Flow in a Rectangular Channel. A rectangular 
channel lined with planed lumber has a width of 27 feet. When the depth 
of water is 3.5 feet, the flow is 370 ft/s. Determine (a) the required slope, 
(b) the specific energy. and (c) the type of flow. 
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Solution 
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This example is solved by using the Chezy equation (5.6) for the slope, the 
energy equation (5.22) for the specific energy, and the Froude relationships 
for the type of flow. 


l. 


2. 


Roughness coefficient rn. From Table 5, for a planed wood, n = 0.012 


fl’? 


Channel properties: From Table C.2 for a rectangular channel: 


A = bh = 27 x 3.5 = 94.5 f 
bh 27 x 3.5 








прв 2x354271 219 
Velocity: 
Q 37 
= —— Z= — = fs 
t 245-2215 1/8 
Chezy coefficient: 
1/6 
c 0.2620 /ER; 
T H 
.  0.26204/32.17(2.779)'/5 
C: = 0.012 
С. = 146.83 ft^ /s 
Slope: 
C.Y 
„= С.К. оғ s; = SEF 
ft 


ç — 3.915/146.83)" 
m 2.779 
S. = 2.558 x 1077 = 1/3,909 


Specific energy: 


2 


2: 
E=} tz 
6-354 915 
2 x 32.17 
E — 3.738 ft 


Type of flow: Solve equation (5.28) for the Froude number: 


(5.11) 


(5.6) 


(5.22) 
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| ГЕ |, [3.738 . ... 
F=, ) (Ë — 1) =, af \ = | + 0.3688 < | (flow is subcritical) 
NV 7 \ 


y ү 3.5 у 





5.7 HYDRAULIC JUMP 


Under certain conditions in open channel flow, a stream of water flowing at 
supercritical velocity may change abruptly at subcritical flow. This phenom- 
enon is accompanied by a change in surface elevation and is know as a 
hydraulic jump. Consider the hydraulic jump shown in Figure 5.5 as a 
free-body diagram. Application of the impulse-momentum equation (1.11) 
to Figure 5.5 as a free-body diagram. Application of the impulse-momen- 
tum equation (1.11) to Figure 5.5 results in the following: 


Р Е, = = (5.30) 


1 








Critical depth 


2} A 


Supercritical flow Suberitical flow 


1 2 


Figure 5.5 Notation for hydraulic jump study. 
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From buoyancy principles, F = yh..A. Also note from equation (1.14) that 
y = pg/g, and that by definition A, — y/2. Fora channel of width b. A = by, 
and force may be written as follows: 


S (oe ONU [e 
F = yh,À = (= без = (ж ) (5.31) 


Continuity is expressed as m — pAv, substituting A = by, О = Av, and О = 
bq (from Section 5.6) yields the following form for continuity: 


m= pAv = pQ — pbq (5.32) 
From these substitutions, the following can be written for velocity: 


Q bg 4 


A by y 


(5.33) 


Substituting equations (5.31), (5.32), and (5.33) in equation (5.30) yields the 
following: 


q q 

| b| =- = 

Hiv.— vi) pgbyi — pgbys (oba) (2 4) 
g. 2g. 2g. ge 


which reduces to: 


— ——— LL 5.34 
vy 2. £0 + 2 l ) 


Equation (5.34) may be solved explicitly for cither y, or v»: 


y 8а” 
n-- (- m 3 (5.35) 
2 дү: 


522 


nif va fa 8g" 


ELS 


The lost energy due to a hydraulic jump may be computed from equation 
(5.22: 


2 2 5 > 
> Ш TEE: 
H = E — E, = ` — — ^ = р = р 5.37 
1. l 2 (: + 1) ( at 4 yr— 2c mm ( ) 





a, 
t. 
Uu 
= 
< 

—— 
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Example 5.4: Energy Loss for a Hydraulic Jump. Water flows at a rate of 
350 ft/s in a rectangular channel 15 feet wide at a depth of 1 foot. What 
is the energy loss in a hydraulic jump that has occurred from this flow? 
Solution 


This example is solved by the principles set forth in this section. Note that it 
is necessary to determine if a hydraulic jump can take place. 


і. Initial area and velocity: 


Ау = Ру = 18 x 1 = 18 [t° 





О 350 
= = 5 = 19.44 ft/s 
U| A, 18 t/s 
2. Unit flow rate: 
О 350 > 
= = = = 9.44 ft '/s 
q= E 19.44 ft" /s 


3. Determine if jump can take place: 


sN 1⁄3 
4с 
Ve — — 


CU 
(1944 (5.25) 
ЕЙ 37 


y = 2.273 ft v m 1 ft 


Therefore. jump can take place 
4. Conditions at section 2: 
l 8 x 19.442 


раа | — 4373 f .3 
22-3 "y атуу 73 fi (3.36) 


yo = 4.373 ft > у, (subcritical) 
5. Compute head loss: 
Ay = bya — 18 x 4.373 = 78.71 ft” 
O 350 


y= = —— = 4. 5 
m= от 45 105 
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ue 15 

рр, 1—09 

H, = у= у + 2g 
19.44 - 4,452 (5.37) 
H, =<1~-4373 + ———— 
L 4.373 + 2x 32.17 
H, =2.192 ft 
5.8 WEIRS 


Weirs are used to measure the flow of liquids in open channels or in conduits 
that do not flow full, i.e., in which there is a free liquid surface. A weir is, in 
effect, a dam over which the liquid is forced to flow. Weirs are almost 
exclusively used for measuring water flow, although small ones have been 
used for metering other liquids. 

Weirs are classified according to the form of their notch or opening as 
follows: rectangular notch. the original form; the V or triangular notch; and 
special notches, such as the trapezoidal, hyperbolic, and parabolic notches, 
which are designed to have a constant discharge coefficient or to have the 
head vary directly with the flow. 


Velocity-Height Relations 


Conventional practice 1s to base weir computations on the ideal flow of an 
incompressible fluid and to correct to actual flow conditions by use of a 
coefficient of discharge, adjustment lengths, and head corrections. 

Consider the flow of a liquid over a weir as shown in Figure 5.6. 4 isa 
fluid particle located on the surface of the liquid a distance upstream from 
the weir. B 1s a fluid particle in the free jet issuing from the weir and is a 
distance y below the surface point ÆA. Both A and B are at atmospheric 
pressure. The equation of motion for constant pressure (dp = 0) and for 
frictionless flow (t = 0) is written as follows: 


/ 
к =F UE аркъа dp Loo £g ЧО ооо 
g dA 8, 8, 


Ee с 
ог 
g dz + U du = Ü (5.38) 


Integrating equation (5.38) between the limits of 4 and B leads to equation 
(5.39): 
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Figure 5.6 Flow over a weir. 


> 


lp 2 — I7 
che J U dU 202 g(z,— -pp LL Un 4 

U, E 
Ug — J2g(z4, — 24) + Uš (5.39) 


Conventional practice is to assume that point Á is located in a channel of 
infinite length, so C, — 0. From Figure 5.6, 72, — z, — v. and let Ug — U; 
(ideal jet velocity); then equation (5.39) may be written as follows: 


U; = J2gv (5.40) 


5.9 RECTANGULAR WEIRS 


Consider the jet issuing from the rectangular weir shown in Figure 5.7. The 
flow area of the fluid element shown at a distance y below the surface is 
dA = Lw dy. The ideal jet velocity is given by equation (5.40). 
Substituting these values in the continuity equation and integrating 
between the liquid surface (0) and the weir crest (77) yields the following: 


A H y 3271 
О; = J U, dA = І verle dy) = Lu x | 
0 0 3 Jo 


2 2 
О; = ы үзін? (ideal flow rate) 





(5.41) 
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Channel width 


— 


——————— —L.c 
O ke d 
Crest iength 





Figure 5.7 Notation for rectangular weir study. 


For water measurement, the ASME Research Committee on Fluid Meters 
(Bean, 1971) recommends the following: 


3⁄2 


PM fm rrF 1 = am 
C Lav ¿Elia 1 (5.42) 
where 


Q — actual discharge from weir 

C = coefficient of discharge = f/(L, /L.. H/z) (Table 5.2) 
L, = adjusted crest length = Lw + AL (Table 5.2) 
H, = adjusted weir head = H + 0.003 ft or H + 0.9 mm 


Example 5.5: Rectangular Weir Flow Measurement. Water flows in a 
channel whose width is 10 ft. At the end of this channel is a weir whose 
crest height is 4 ft and whose width is the same as that of the channel. 
The water flows at a height of 3 ft over the crest of the weir. Estimate the 


flow in cubic feet per second. 


Solution 


This example is solved using equation (5.42) and Table 5.2. 
l. Weir properties: 
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Table 5.2. Values of C and AL Íor Use m Equation (5.42) 


Crest length/channel width = L,/L, 
0 0.2 0.4 0.6 0.7 0.8 0.9 1.0 


Н/: Coefficicnt of discharge: С 
0 0.587 0.588 0.590 0593 0.595 0.597 0.599 0.602 


0.15 0.587 0.587 0.593 0.604 0611 0.619 0.629 0.640 
1.0 0.586 0.586 0.595 0.614 0.627 0.642 0.659 0.679 
1.5 0.585 0.585 0.598 0.624 0.643 0.664 0.689 0.718 
2.0 0.584 0.583 0.600 0.635 0.659 0.687 0.719 0.756 
2.5 0.584 0.582 0.603 0.645 0.674 0.709 0.749 0.795 
3.0 0.583 0.581 0.605 0.655 0.690 0.732 0.779 0.834 


Adjustment for crest length: AL 








ft 0007 0.008 0009 0.012 0.013 0.014 0.013 0.005 
m 0.0021 0.0024 0.0027 0.0037 0.0040 0.0043 0.0040 0.0015 
L. 00 | 
L. lO 
H 3 
— = =0.75 
г 4 7 


From Table 5.2 at L,/L,. — | and H/z = 0.75: 
C = 0.660 (by linear interpolation) 
AL = —0.005 ft 
L, = L, + AL = 10 + (—0.005) = 9.995 ft 
H, = H + 0.003 = 3.003 ft 


жа ғ 


Anlass KL... здеу orri с 471. 
C cicuta Ее лот UST ефиапоп 2.42): 


ә 


2 3 
Q = 3 Clav 28l] 

2 3/2 (5.42) 
Q = = х 0.660 х 0.995 х X42 x 32.17 x 3.003: | 


О = 183.6 ft! /s 
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5.10 TRIANGULAR WEIRS 


Consider the jet issuing from the triangular weir shown in Figure 5.8. The 
flow area of the fluid element at a distance below the surface of y is 
dA = L, dr. From geometry and trigonometry, the following expressions 
can be derived: 

L. H-y _ £y(H—y) 


- L. 
ly H ог H 


Ly = 2H tan (0/2) 








Therefore: 


= 20) у) | 2H tan (8/7) 2 (0/2) ап (6/24«H — y) 
and 
dA — 2tan (6/2)(H — v) dv 
The ideal jet velocity is given by equation (5.40). Substituting these values 


for dA and U, in the equation of continuity and integrating between the 
liquid surface (0) and the crest (77) yields the following: 


Channel width 
Lc 


Li, 
Liquid Surface 





Figure 5.8 Notation for triangular weir study. 
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A H 
0; = U, dA — f V2gy[2 tan (6/2) — у) «у = 242g tan (0/2) 


22 252] 
x — — - 





3 5 
0 


О, = пап (6/2), ФІНУ (ideal volume flow rate) (5.43) 


The value of the discharge coefficient for triangular weirs is dependent 
primarily on the notch angle, 0. and only slightly on the head-crest ratio, 
H/z. The fluid viscosity and surface tension may affect the value of the 
discharge coefficient slightly, but experimental data are inadequate to define 
such effects. The ASME Research Committee on Fluid Meters (Bean, 1971) 
recommends the following for the measurement of liquid flow through 
triangular weirs: 


Q- c tan (0/2) /2g(H + AH)? (5.44) 


where: 
Q — actual discharge from weir 
C = coefficient of discharge = /(#) (Table 5.3) 


AH = correction for head/crest ratio = / (6) (Table 5.3) 


Example 5.6: Regulating Flow with a Triangular Weir. It is desired to 
maintain a flow of 180 ft*/s of water in an open channel whose width is 
i0 ft at a height of 10 ft by locating a triangular weir at the end of the 
channel. The weir has a crest height of 4 ft. What angle of notch is 
required to maintain these conditions? 


Solution 


This example is solved by application of equation (5.44). Because the value 
of the coefficient of discharge € and the head/erest correction A77 are both a 
function of the weir angle 8, a trial-and-error solution is necessary. 


l. Weir data: If the total depth of the channel H + z = 10 ft. and the crest 
height z is 4 ft, then H = 10 — z = 10 — 4 = 6 Í. 
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Table 5.3 Values of C and AH for use In Equation (5.44) 


| Correction for head/crest ratio 
Coefficient of ———_—____— 


Weir notch angle 0 discharge AH AH 
(degrees) C (Гесі) (meters) 
20 0.593 0.0094 0.0029 
30 0.587 0.0072 0.0022 
40 0.582 0.0055 0.0017 
45 0.580 0.0049 0.0015 
30 0.579 0.0044 0.0014 
60 0.576 0.0038 0.0011 
70 0.576 0.0034 0.0010 
75 0.576 0.0033 0.0010 
80 0.576 0.0032 0.0010 
90 0.578 ().0030 0.0009 


100 0.581 0.0027 0.0008 


2. First trial: From Table 5.3, C ~ 0.58 for all values of 6, and A/? 1s 
small compared with #. Use C = 0.58 for the first trial: 


О- с tan (0/2) /2g(H + AHY 


180 — ~ x 0.58 x tan(6/2) V2 x 32.17(6) 7? (5.44) 
tan(@/2) = 0.8227 
0 — 78.88 


3. Second trial: Use @ = 80° (nearest tabular value): 
C = 0.576, AH = 0.0032 ft 
8 — < 
Q = ise tan (8/2) /2g(H -- AH)" 


180 — ы x 0.576 x tan(0/2) V/2 x 32.17(6.0032)52 (5.44) 


(ап (0/2) = 0.8272 
0 = 79,22 


Further trials are unnecessary; therefore use 79.22 . 
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Flow Measurement in Closed Conduits 


6.1 INTRODUCTION 


This chapter presents t the concepts involved in the measurement of fluid 
flow. Six types of primary clements were sclected to illustrate the funda- 
mentals. They are all nonproprietary and may be fabricated from drawings 
given in the standards referenced in this chapter. Flow measurement is an 
extremely complex business. Before using this chapter for design, the refer- 
ences cited should be reviewed for installation information. 

Although the examples are in USCS units only, alt equations are structured 
so that ST units may also be used. 


6.2 BACKGROUND 


The first real flow measurement was described by Hero of Alexandria (1 AD). 
Hero's flow measurement system included a tank for volume measurement 
and a sundial for time measurement. The flow rate was calculated using the 
continuity equation. More recent are: 1502, Leonardo da Vinci established 
the principle of continuity; 1748, Daniel Bernoulli developed his famous 
equation; 1895, Clement Herschel invented the Venturi tube. 
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6.3 FLOW MEASUREMENT ACCURACY 


It is not possible, except by accident, to manufacture two objects exactly the 
same. Because of this limitation, no two meters, even of the same type, are 
likely to give the same indication when the same quantity of fluid is passing 
through them. The degree to which this applies 15 not the same for all types 
of meters. For this reason, "uncertainties" are assigned to different types of 
primary elements to describe their inherent accuracy. Uncertainties have to 
do with practically unavoidable differences between apparently duplicate 
primary elements. Uncertainty in flow measurement is defined as a range 
of values within which the true value 1s estimated to lie with 95% prob- 
ability. Calibration of a primary element at conditions of use reduces this 
uncertainty to the level of the accuracy of the calibration laboratory. 

Uncertainties given in this chapter are for uncalibrated primary elements 
onlv. Installation, pressure sensing, and other factors may cause flow measure- 
ment errors many times the uncertainty of a primary element. 


6.4 DIMENSIONAL ANALYSIS OF PIPELINE FLOW METERS 


Consider a compressible fluid of density o. dynamic viscosity jj, and bulk 
modulus of elasticity E, flowing with a velocity e through a primary element 


(Venturi, nozzle, or orifice) whose diameter is d, as shown in Figure 6.1. The 


primary element is located 1n a horizontal meter tube of diameter D and an 
absolute roughness of e. The flow through the primary element produces a 
pressure differential of Ap sensed by pressure taps of diameter 6 located a 
distance L, before and Z, after the primary element. From dimensional 
analysis, Equation (6.1) can derived for fluid velocity: 


2Ар д, 
п= К 28р Be (6.1) 
ү р 


where K = (Ке. М, 1/0, 15/р. 8р. В, ур). 


6.5 PHYSICAL ANALYSIS OF PIPELINE FLOW METERS 


Substituting v from equation (6.1) in the continuity equation (#1 = pAv) 
results in the following: 


m= pAv = pAK [2 AP к. р — KA 2g, Ap p (6.2) 
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| Primary Lie ы 

Met V.E } 

м er D — d Meter — 
ube Pi mp Рг Tube 





Figure 6.1 Notation for dimensional analysis of flow meters. 


In Chapter 3, equation (3.122) was developed for ideal compressible flow 
through nozzles. Noting that by definition p = |/v and that for this applica- 
tion 4, = A: 


2g, (py — p») 2g. Ap p 
M ideal = YA, te р) YA, жағы 
u (I — f°) 1—8 


where Y. the expansion factor, is defined by the following: 


(6.3) 


mass flow rate of a compressible fluid 


` I 


~ mass flow rate of an incompressible fluid 


For actual flow, equation (6.3) may be written as follows: 


, Рр А 
т = CYA, — (6.4) 


where C is the coefficient of discharge. 
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Comparing equation (6.1) with equation (6.4), we can write C as follows: 


Kyl- B: 
С----->- 6.5 
Y (6.5) 
Conventional practice is to express C in terms of Re, as follows: 
С=С АС = С + — (6.6) 


Re^ 
In equation (6.6), C. is the coefficient of discharge when the Reynolds 
number is infinity and AC is the change in the coefficient from a 
Reynolds number of infinity to Rey. The numerical value of the slope. a. 
depends on the type of primary element; that of the exponent, ^. depends 
upon the type of flow. 


Pipe Reynolds Numbers 


In Section 4.5, equations for calculating Reynolds number were developed 
for flow in pipes. In flow measurement, the Reynolds number may be cal- 
culated in terms of the primary element diameter d or in terms of the pipe 
diameter D. The relation between these is as follows: 


Rc,  Am/zdug. D 


Rep 4m/nDyug, d 





or 


D 
Re» — d Ке, = Rey (6.7) 


6.6 ASME VENTURI TUBES 


The advantages of the Venturi tube are its ability to transport materials in 
suspension without clogging and its low overall energy loss. The disadvan- 
lage is the long "laying length" required to maintain low loss. Traditional 
applications of this device have been in low-pressure gas lines and water and 
sewage mains. 

The Venturi tubes described in this section are those conforming with 
ASME Fluid Meters Research Committee on Fluid Meters Report (Bean, 
1971) and ASME Flow Measurement Standard ( Measurement of Gas Flow, 
1987). They are also called classical Venturi tubes as well as Herschel-type 
tubes. The form of the Venturi tube 1s shown in Figure 6.2. The ASME 
Venturi tube consists essentially of a cylindrical inlet, convergent entrance, 
throat, and divergent outlet. The divergent outlet is present to reduce the 
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; ; Convergent 
Cylindrical nverg Throat Divergent 
inlet entrance | tlet 
` X outie ` 





85 0.1D (upstream) 0.13d (downstream) 


a, -21*£1" a, = 7° to 15° 
g = 9 0.30t0075 
- D - . ov. 


Figure 6.2 ASME Venturi tube. 


overall loss of the meter; its removal will have no effect on the coefficient of 
discharge. Pressure is sensed through a series of holes in the inlet section and 
throat. Each set of holes leads to an annular chamber; the two chambers are 
connected to a pressure differential measurement device. 


Classification of Venturi Tubes 


Venturi tubes are classified into three types according to the method of 
manufacture. 


1. Rough-cast convergent. This type is manufactured from castings. The 
throat is machined, and the junctions between the various sections are 
rounded. 

2. Machined convergent. This type is manufactured in the same manner as 
type 1, except that entrance section, convergent, and throat are 
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machined as one assembly from a bar forging or other suitable mate- 
rial. 

3. Fabricated convergent. This type is manufactured from formed metal 
sheet and 1s Joined together by welding. The junctions between the 
various sections are not rounded. 


In the United States, type | is almost always used; in Europe, all three types 
are used. 


Discharge Coefficients and Uncertainty 


l. Rough-cast convergent. For this type of Venturi, the ASME Code 
(Measurement of Fluid Flow, 1989) specifies C — 0,984 with an uncertainty 
of 1.0% subject to the following limits: 


Pipe Reynolds number, Rep, from 200,000 to 6,000,000 

Beta ratio, 8, from 0.30 to 0.75 

Nominal pipe size from 4 in. to 48 in. (may be used up to 84 in. with 
reliability) 


The coefficient of discharge for type | Venturis may be estimated using 
the following equation: 





10.386 
C — 1.0087 — ГО (б.8) 
ep 
The uncertainty is estimated from equation (6.9): 
uncertainty % = 14.3 — 2.57 logig (Rep) [minimum 1*4] (6.9) 


Equations (6.8) and (6.9) are valid for a pipe Reynolds number ranging from 
10,000 to 200,000. Table 6.1 gives tabulated values calculated from equa- 
tions (6.8) and (6.9). 


2. Machined convergent. For this type of Venturi, the ASME Code 
(Measurement of Fluid Flow, 1989) specifies C — 0,995 with an uncertainty 
of 1.0% subject to the following limits: 


Pipe Reynolds number Re, from 200,000 to 2,000.000 
Beta ratio, £, from 0.30 to 0.75 
Nominal pipe size from 2 in. to 10 in. 


The coefficient of discharge and uncertainty for type 2 Venturis may be 
obtained from Table 6.2. Note that the coefficient of discharge for type 2 
Venturi tubes is shown as a function of the throat Reynolds number, Rey. 
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Table 6.1. Coefficients of Discharge and Uncertainties for ASME Rough- 
Cast Convergent Venturi Tubes (Type 1) 





Pipe Coefficient Pipe Coefficient 
Reynolds of Reynolds of 
number, discharge. Uncertainty,| number, discharge, Uncertainty, 

Rep С % Rep C % 
10,000 0.905 4.0 42,000 0.958 2.4 
11.000 0.910 3.9 44.000 0.956 2.4 
12,000 0.914 3.8 46.000 0.960 2.3 
13,000 0.918 3.7 48,000 0.961 2.3 
14,000 0.921 3.6 50,000 0.962 2.2 
15.000 0.924 3.6 55.000 0.964 241 
16.000 0.927 3.5 60,000 0.966 2.0 
17.000 0.929 3.4 65.000 0.968 1.9 
18,000 0,931 3.4 70,000 0.969 1.8 
19.000 0.933 3.3 75,000 0.971 1.8 
20.000 0.935 3.2 80,000 0.972 1.7 
21.000 0.937 3.2 85,000 0.973 1.6 
22,000 0.939 3.1 90.000 0.974 1.6 
23.000 0.940 3.1 95.000 0.975 1.5 
24.000 0.942 3.0 100.000 0.976 1.5 
25,000 0,943 3.0 110,000 0.977 1.3 
26.000 0.944 3.0 120,000 0.979 1.2 
27,000 0.945 2.9 130,000 0.980 1.1 
28,000 0.947 2.9 140,000 0.981 1.0 
29,000 0.948 2.8 150,000 0.982 1.0 
20,000 0.949 2.8 160,000 0.983 1.0 
32.000 0.951 2.7 170.000 0.084 1.0 
24,000 0.952 2.7 180.000 0.984 Bt 
36.000 0.954 2.6 190.000 0.984 1.0 
38,000 0.955 2.5 2xl0'-6x10* — 0.984 1.0 
40,000 0.957 2.5 





3. Fabricated convergent. For this type of Venturi, the ASME Code 
(Measurement of Fluid Flow, 1989) specifies C = 0.984 with an uncertainty 
of 2.0% subject to the following limits: 


Pipe Reynolds number Rp from 200,000 to 6,000,000 
Beta ratio. 8. from 0.30 to 0.75 
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Table 6.2 Coefficients of Discharge and Uncertainties for ASME 
Machined Convergent Venturi Tubes (Type 2) 





Throat Coefficient Throat Coefficient 
Reynolds of Reynolds of 
number, discharge, Uncertainty,| number, discharge, | Uncertainty. 
Re; C % Rep С % 
10,000 0.964 31 220,000 0.994 2.1 
20.000 0.966 2,0 240,000 0.995 2.1 
30.000 0.967 3.0 260,000 0.996 2.0 
40.000 0.968 3.0 280,000 0.997 1.9 
50.000 0.970 2.0 200,000 0,998 1.5 
60.000 0.971 2.9 320.000 0.998 1.5 
70.000 0.973 2.8 340.000 0.900 1.5 
80.000 0.974 2.8 360,000 0.999 1.5 
90.000 0.976 2.7 380.000 0.998 1.4 
100.000 0.977 2.5 400,000 0.998 1.3 
120.000 0.98] 2.5 420,000 0.998 1.3 
140,000 0.984 2.5 440.000 0.997 1.2 
160.000 0.987 2.5 460.000 0.996 1.1 
180,000 0.990 2.5 480,000 0.996 1.0 
200,000 0.992 2.5 500.000 0.995 1.0 





Nominal pipe size from 4 in. to 48 in. 


The coefficient of discharge and uncertainties for type 3 Venturis may be 
estimated from Table 6.3 


Expansion Factor Y 


The expansion factor Y for all types of Venturi tubes is the adiabatic expan- 
sion factor Y, developed in Chapter 3. Values of Y may be calculated using 


Куг tinm mo tab an A134 alla 
equation (3.120) or taken from Table 3.2. 


Pressure Loss Caused by Venturi Tubes 


The pressure loss in terms of pressure developed by a Venturi is dependent 
primarily on the exit cone angle and the beta ratio. The following equations 
may be used to estimate this loss for all type of Venturi tubes where Ap, is 
the pressure loss in the same units as Ap: 
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Table 6.3 Coefficients of Discharge and 
Uncertainties for ASME Fabricated 
Convergent Venturi Tubes (Type 3) 


Pipe Coefficient 
Reynolds of 
number, discharge, Uncertainty, 
Re; C % 
10,000 0.930 3.5 
20,000 0.940 3.0 
30,000 0.940 2.0 
40,000 0.960 2.5 
50.000 0.960 2.5 
60,000 0.970 2.5 
70.000 0.970 2.5 
80.000 0.980 2.5 
90.000 0.980 2.5 
100.000 0.980 2.5 
150,000 0.980 2.3 
200.000 0.984 2.0 


For maximum loss (maximum exit angle): 
Api = (0.436 — 0.868 + 0.389982) Ap (0 = 15 ) (6.10) 
For minimum loss (minimum exit angle): 


Ap; = (0.218 — 0.428 + 0.386) Ap (a3 27) (6.11) 


Example 6.1: Venturi Tube Flow Measurement Benzene at 68°F flows 
through a horizontal rough-cast convergent Venturi tube (type 1). The in- 
let section has a diameter of 8 inches and the throat of 3.5 inches. The 
exit cone has an angle of 7 . The differential pressure is measured by a 
mercury manometer having benzene on top of the mercury. The mercury 
level in the throat leg is 4 inches above the mercury in the inlet leg. Esti- 
mate (1) the volume flow rate and (2) the overall pressure loss. 


Solution 


This example is solved by computing the pressure differential from the 
manometer levels using equation (2.8). The mass flow rate is then computed 
using equation (6.4). Because coefficient. of discharge is a function. of 
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Reynolds number. a trial-and-error solution Is necessary. The overall pres- 
sure loss is computed using equation (6.11). 

(a) Fluid properties 

From Table D.1 for 68 F: 


Benzene: 


ру = 54, 79 Ibm/ft?, и = 13.60 х 10 Š Ibf s/ft` 
pg 54.79 х 32.17 
И 3217 
Mercury: O, = 845.67 lbm/ft" 
845.67 x 32.17 





= 54.79 Ibf/tt? 


Vm = Оп Е, = = $45.67 Ibf/ft 


32.17 
(b) Tube properties 
d 3.5 
B= pag 0475 
Ay = та. = t = 0.06681 
(c) Pressure differential 
Ар — (у„ — уу)» = (845.67 — 54.79) 5 = 263.62 Ibf /ft (2.8) 


(d) First trial 
Assume C — 0.984 (maximum for type ! tubes). Note that Y — | for incom- 
pressible fluids (liquids): 


2р, А 
m= CYA, Tg 











2x 32.17 x 263.6? x 54.79 (6.4) 
— 0,984 х 1 x 0.06681 x / х 32.17 х 203.62 х 54.7 
1 — 0.4375" 
m = 64.57 Ibm/s 
4 x 64. 
Rej = 4m _ х 64.57 — 281. 866 


Dug. mx(8/12) x 13.60 x 1075 x 32.17 


From Table 6.2, C — 0.984 Гог Аер = 200. 000 то 6.000,000. Therefore, 
further trials are unnecessary. 
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L. Volume flow rate: 
m 64.57 
Q = = 5479 
2. Overall pressure loss—? exit cone: 

Ар; = (0.218 — 0.428 + 0.388°)Ар 

Ap, = (0.218 — 0.42 x 0.4375 + 0.38 x 0.43757)263.52 
— 2891 Ibf/fC 

144 





= 1.178 ft! /s 


Ар, = 0.195 psi 


6.7 ASME FLOW NOZZLES 


The ASME flow nozzle (Figures 6.3 and 6.4) consists of an approach por- 
tion shaped in the form of an ellipse whose major diameter is parallel to the 
flow, followed by a cylindrical section. Pressure differential is sensed by taps 
located one pipe diameter upstream of the nozzle inlet and one-half dia- 
meter downstream. The downstream taps may be located to sense the fluid 


r2 





d= 
«УЗ 
S 
N 
N 
N 
High Beta Ratio Nozzle Low Beta Ratio Nozzle 
B= 0,50 to 0.80 B= 0.20 to 0.5 
r." (D-d)/2 Г,5 0.6354 о0.674 


Figure 63 ASME wall tap flow nozzles. 
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г. = 0.63d to 067d 


B6 = 0.13 in, to 0.25 in 


Figure 6.4 ASME throat tap nozzles. 


pressure in the cylindrical portion (throat) of the nozzle or the fluid pressure 
between the nozzle and the pipe wall. The former are known as “throat” 
taps and the latter as "pipe wall" taps. 

Wall tap flow nozzles are used to measure the flow of air, water. steam. 
and most fluids that are not highly viscous. The throat tap flow nozzle, 
because of the high cost of fabrication, 1s used almost exclusively for the 
measurement of condensate flow in the testing of steam turbines. 

The flow nozzles described in this section are those conforming with 
ASME Fluid Meters Research Committee on Fluid Meters Report (Bean, 
1971), ASME Flow Measurement Standard (Measurement of Fluid Flow, 
1989). and PTC6 “Steam Turbines” (Performance Test Code, 1976). 
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Classification of Flow Nozzles 


Flow nozzles are classified into three types according to their beta ratio and 
the location of their pressure sensing taps. 


1. Wall tap flow nozzle ( high beta ratio). In this type of nozzle, the beta 
ratio ranges from 0.50 to 0.80. 

2. Wall tap flow nozzle (low beta ratio). The beta ratio for this type of 
nozzle ranges from 0.2 to 0.5. 

3. Throat tap flow nozzle. In thus type of nozzle, the beta ratio ranges from 
0.25 to 0.5. 


Discharge Coefficients and Uncertainty 
Tvpes 1 and 2 


The following equations may be used for both type 1 and type 2 nozzles: 


6.53 


ТЕ 
Re; 


C — 0.9975 — (6.12) 





Equation (6.12) is valid for throat Reynolds numbers from 10,000 to 
1.000.000. For higher throat Reynolds numbers, use equation (6.13) to 
determine the discharge coefficient: 

0.1035 


1/5 
Re, 


x fi DOS 
(C — U.92/23 — 


` 


fe 14 
(6.13) 





The uncertainty associated with types ] and 2 1s 2.0%. 


Type 3 
For throat tap nozzles the following equations mav be used: 


C= 007 – 227 (6.14) 
Re, 
Equation (6.14) is valid for throat Reynolds numbers from 10,000 to 
450,000. For throat Reynolds numbers from 450,000 to 1,000,000, use equa- 
tion (6.15): 
1073 


Cu 
For throat Reynolds numbers greater than 1,000,000. equation (6.16) 
should be used: 





C = 0,9953 — (6.15) 





С := 1.0054 (6.16) 


0.186 (, — 361.239 4/5 
Re, 


21/5 
Re; 
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The uncertainty of throat tap nozzles is about 1% for Reynolds numbers 
below 1,000,000; the uncertainty 1s 0.5% above this value for uncalibrated 
nozzles. When used for turbine testing according to ANSI/ASME PTC6 
(Performance Test Code, 1976), nozzles must be calibrated and match equa- 
tion (6.16) within 0.25% before they can be used. 

Coefficients of discharge for all three types of nozzles are shown in Table 
6.4. 


Expansion Factor Y 


The expansion factor Y for all types of flow nozzles is the adiabatic expan- 
sion factor Y developed in Section 3.4.3. Values of Y may be calculated 
using equation (3.120) or taken from Table 3.2. 


Table 6.4 Coefficients of Discharge for ASME Flow Nozzles 











Throat Throat 


Reynolds Wall Throat Reynolds Wall Throat 
number, taps taps, number, taps taps 
Re, C C Re; C C 









10,000 0.9322 0.9332 1,000,000 0.9910 0,9972 
15,000 0,9442 0.9468 1,500,000 0.9915 0.9968 
20,000 0.9513 0.9548 2,000,000 0.9918 0.9967 
30,000 0.9598 0.9644 3.000.000 0.9923 0.9969 
40,000 0.9649 0.9701 4,000,000 0.9926 0.9972 
50.000 0.9683 0.9740 5,000,000 0.9928 0.9974 
60,000 0.9708 0.9769 6.000.000 0.9920 0.9076 
70,000 0.9728 0.979] 7,000,000 0.9931 0.9978 
80,000 0.9744 0.9809 8,000,000 0.9932 0.9980 
90,000 0.9757 0.9824 9,000,000 0.9933 0,9981 
100,000 0.9769 0.9837 10,000,000 0.9934 0.9980 
150,000 0.9806 0.9880 15.000.000 0,9937 0.9986 
200,000 0.9829 0.9905 20,000,000 0.9939 0.9990 
300,000 0.9856 0,9935 30,000,000 0.9942 0.9995 
400,000 0.9872 0.9953 40.000.000 0.9944 0.9998 
500,000 0.9883 0.9962 50,000,000 0.9945 1.0001 
600,000 0.989] 0.9965 60,000,000 0.9946 1.0003 
700,000 0.9897 0.9968 70.000.000 0.9947 1.0004 
800,000 0.9902 0.9970 80,000,000 0.9948 1.0005 


900,000 0.9906 0.9971 90.000.000 0.9948 1.0007 
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Pressure Loss Caused by Flow Nozzles 


The pressure loss in terms of pressure developed by a flow nozzle is depen- 
dent primarily on the beta ratio. The following equation may be used to 
estimate this loss for all types of flow nozzles. 


Ap, = (0.218 — 0.428 -- 0.388 )Ap (6.17) 
Ap, is the pressure loss in the same units asAp. 


Example 6.2: Design of a Flow Nozzle An ASME wall tap flow nozzle is 
to be designed to meter 7,000 Ibm/hr of carbon dioxide with a pressure 
differential equivalent to 100 inches of 68°F water, The carbon dioxide en- 
ters the nozzle at a temperature of 122°F and 20 psia through an 8-inch 
standard-weight steel pipe. Determine the throat diameter and the beta ra- 
tio of the nozzle. 


Solution 


This example is solved by trial and error. The coefficient of discharge is 
function of the throat Reynolds number, which cannot be computed until 
the throat diameter is calculated. The expansion factor also requires that the 
throat diameter be known, Since the coefficient of discharge is near unity, 
for ale 


Фа а рала l... fe tm aecime deeft telab¢hat 7’ — Land that the df 1 
LHe West p OCCULILC ІУ у АУЕ Тог Ене ш апа = гапе тпа GAC PUIG 


is incompressible Y = 1. 

(a) Fluid properties 

Carbon diozide: From Table D.1, M = 44.010 Ibm/lbmol. From Table D.2 
for 122 F, u 2 0.337 x 10 5 Ibf. s/fÜ, Kk — 1.279. 


p 144 x 20 


or = RASTA ATT лу 0.1410 1 ' 
КТ (1545/4401) х (122 + 460) 9 om/ft 


py 


(b) Pipe properties 
Table C.3, standard steel pipe, D = 0.6651 ft. 


(c) Pressure differential 
Ap = 100 in. H,O x 3.6065 x 107° psi/in. H:O x 144 — 519.34 Ibf/ft^ 


519.34 
144 





p = р = Ар = 0.20 — = 16.39 psia 
Р? 16.39 

= = —— = 0.8196 

Pi 20 
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(d) First trial 
Assume C — l, Y — 1. 8—0: 


DE 
л = СҮА, ыл 


2 x 32.17 x 519.34 x 0.1410 
(7000/3600) = 1x 1 x Any! X - oi * 








Ay = 0.02832 ft? (6.4) 


4А 4 02832 
d= [Ada c fx 005859 ago fi 
т л 


_ 0.1899 


= 0,6651 = 02899 





Expansion factor: From Table 3.2 at A = 1.279, B = 0.288, po/p, = 0.8196: 
Y, = 0.8879 (interpolated) 
Throat Reynolds number: 


4m 4 x (7000/3600) 


= = 1,202,500 
ларе. mx0.1899 x 0.337 x 1079 x 32.17 ` 


Кед = 








From Table 6.4 at Re,,; = 1, 202,500: 
C, — 0.9912 (interpolated) 
(e) Second trial 
Assume C — 0,9912, Y — 0.8879 B — 0.2855: 
də = 0.2023 ft, f» — 0.3042, Ке,» - 1,281,000 
Үз - 0.8878. C5 — 0.9913 
Note that the differences between the assumed and calculated values of C 


and Y are in the fourth decimal place, and further trials are unnecessary. 
Therefore, d = 0.2032 x 12 = 2.44 in. and f = 0.3055. 
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Example 6.3. Calibration of a Throat Tap Nozzle Calibration data for an 
ASME throat tap nozzle are as follows: 


Fluid water 
Pipe inside diameter, inches 14.9900 
Throat diameter, inches 7.4990 
Scale weight, pounds 190.179 
Time for weight, seconds 531.995 
Differential reading, inches of mercury 4.956 
Manometer temperature, F 79 
Water temperature, “F 130 


Does this calibration meet the PTC6 requirement that the coefficient be 
within +0.25% of the value calculated using equation (6.16)? 


Solution 


This example is solved by calculating the coefficient of discharge from the 
calibration data and matching it with the coefficient obtained from equation 
(6.16). 

(a) Fluid properties 

Table D.1 (interpolated values): 

Water at 79"F: p, — 62.2 Ibm/ft 

w 62.21 х 32.17 
g 32.17 
Water at 130 F: p, = 61.55 lbm/ft®, = 10.63 x 10 ° Ibf. s/ft° 
Mercury at 79 F: p,, = 844.67 Ibm/ft" 

бай 844.67 x 32.17 
Ym 347 


yj = 62.21 Ibf/ft® 


= 844.67 Ibf/ft’ 


(b) Nozzle properties 


D d _— 7.4990 __ £x LAN? 
' D 1490 "7 
2 2 

и .4990/12 ә 

Ay = me = peer — 0.3067 ft* 


(c) Pressure differential 


4.956 


AP = (Ym — yr), = (844.67 — өзі (7/9) = 323.16 Ibf/ft? — (28) 
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(d) Mass flow rate 


кулсе аб 170 
Mass 17V. 1/7 


a = 1357.4 Š 
ime 531.995 7 79745 m/s 


(e) Throat Reynolds number 
An 4 x 337.48 


ndug. m x (7.4990/12) x 10.63 x 10-9 x 32.17 





Re, 


(f) Calibrated coefficient of discharge 


1 — gt 357.48 | | — 0.5003* 
c- fle _ 0 — = 0.9975 
YA,V 2g. App, | [x 0.3067 V 2 x 32.17 x 323.16 x 61.55 


(g) PTC6 coefficient 











).18 361.239y ° 
C = 1.0054 - 2189 - 39 
Ке, Rey 
0.185 361.239 ү 
С = 1.0054 – == | 1 2 — 
2.130.000'/° ( 2. 30005) 
C = 0.9975 


(h) Meets requirement of 0.25%: 


0.9968 — 0.9975 


difference — | 0.9968 


| x 100 = 0.07% 


6.8 ASME ORIFICE METERS 


The ASME thin-plate sharp-edged concentric orifice 1s simply a circular 
plate with a hole bored tn its center. When fluid forces require that the 
plate be thick, the hole is beveled on the downstream side at an angle of 
45 so that the cylindrical portion is between one-tenth and one-eighth of 
the bore diameter ratio. 

Figure 6.5 shows the relative pressure difference due to the presence of 
the orifice plate. Because the location of the pressure taps is critical, it is 
necessary to specify the exact position of the upstream and downstream 
pressure taps. The jet contraction amounts to about 60% of the orifice 
area, so orifice coefficients are on the order of 0.6, compared with nearly 
unity obtained with Venturi tubes and flow nozzles. 
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Figure 6.5 Pressure gradients for flow through an orifice plate. 


The orifices described in this section are those conforming with ASME 
Fluid Meters Research Committee on Fluid Meters Report (Bean, 1971) 
and the ASME Flow Measurement Standard (Measurement of Fluid Flow. 


1989). 


Standard Tap Locations 


Three tap locations are specified by the ASME for measuring pressure 
differential: flange taps. D and D/2 taps, and corner taps. 

1. Flange taps. These taps are always located | inch from either face of 
the orifice plate, regardless of the size of the pipe. Flange taps are used 
because they can be prefabricated and because flanges with the holes drilled 
at the correct locations may be purchased as off-the-shelf items, thus saving 
the cost of field fabrication. The disadvantages of this type is that they are 
not symmetrical with respect to pipe size and discharge coefficients vary 
with pipe size. 

2. Dand Dj2 taps. The upstream tap is located one pipe diameter from 
the inlet face of the orifice plate and the downstream tap one-half pipe 
diameter from the inlet face of the orifice plate. The downstream tap is 
located so that 11 essentially senses the minimum pressure and thus produces 
the maximum differential pressure. D and D/2 taps are symmetrical, and 
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their discharge coefficients are independent of pipe size. The disadvantage of 
this type of tap ts the cost of installation. 

3. Corner taps. As the name suggests, the upstream tap is located at the 
inlet corner of the plate and the downstream at the outlet corner, These taps 
are symmetrical. and the coeffictent of discharge is independent of pipe size. 


Discharge Coefficients 
The general equation for the coefficient of discharge for an ASME orifice is 


as follows: 


91.718" 0.09001. 


— 0.03371, 
Rej t 1-6 v 


C — 0.5959 4- 0.03187! — 0.18408* + 


(6.18) 
where 
L, = dimensionless correction for upstream tap location 
= 71 measured from the upstream face 
L; — dimensionless correction for downstream tap location 


I. 
I) 
= p when measured from the upstream face 


_ £2 — plate thickness 


D when measured from the downstream face 


The general equation can be written in the following form: 
C = C. + АС. + AC Reynolds (6.19) 
where 


Ca = coefficient of discharge at Reynolds number of infinity 


ы (6.20) 
= 0.5959 + 0.03187! — 0.18408 


0.09007. В“ 


AC, = correction for tap location = 7 0.033714B° (6.21) 


91.718 


3/4 
D 


ACReynolds = COTrection for Reynolds number = (6,22) 
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Corner taps 
Li = L, = Ü, AC. = 0, So equation (6.19) reduces to the following: 


Ceorner = Cae + AC Reynolds (6.23) 


D and Di2 Taps 
L4, = 0.4333 and L, = 0.47, so equation (6.21) becomes the following: 


0.09001, В“ 
А Сыр = TR — 0.0337 1. p 
0.03908" (6.24) 
ACupib4D/2) = ae - 0.015848: 


Equation (6.19) becomes the following: 
Cp, nj3 = C + ACup + AC Reynolds (6.25) 


Flange Taps 


Because flange taps are not symmetrical, the coefficient equations arc 
divided into two groups, one for smaller pipes (internal diameters between 
2 and 2.3 in.) and the other for pipes of internal diameter equal to or greater 
than 2.3 in. 

For pipes with internal diameters between 2 and 2.3 in., £; = 0.4333 and 
Ly =: |/D (D is in inches). Equation (6.21) becomes the following: 


0.0900L, g* 


` 3 
АСар = р E C 0.0337 L.B 
0.09008" 0.0337): (6.26) 
AC tapflange) - TB - — (D = 2--2.3 in.) 


For pipes with internal diameters 2.3 in. and larger, £; = L; = 1/D (Dis 
in inches) and equation (6.21) becomes the following: 





4 
A. — 0.0900, B 003377. e 
CX tap I _ В? Ал... f cape 
0.09008" 0.0337): (627 
A Cuptfange) - TBF - — (D > 2.3 in.) 
Equation (6.19) becomes the following for flange taps (all pipe sizes): 
Cange = Cs T А Саратро) + AC Reynolds (6.28) 


Table 6.5 gives values for the computation of equation (6.19). 
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Table 6.5 Coefficients of Discharge for ASME Orifices 


Chapter 6 

















Pipe Beta ratio 
internal ` nm EE 
diameter, 
in. 0.20 0.30 0.40 0.50 0.60 0.70 0.75 
Coefficient of discharge at Reynolds number of infinity- Ca 
АП 0.5970 0.5984 0.6003 0.6024 0.6034 0.6000 0.5944 
Tap correction for D+ D/2 taps AC\,,(D + D/2) 
All —0.0001 -0.0001 0.0000 0.0006 0.0024 0.0069 0.0114 
Tap correction for flange taps- A Cupnanse; 
2 —0.0001 -0.0001 -0.0001 0.0005 0.0022 00065 0.0109 
2.3 0.0000 -0.0001 0.0001 0.0008 0.0026 0.0073 0.0119 
3 0.0000 -0.0001 0.0001 0.0006 0.0020 0.0056 0.0091 
4 0.0000 0.0000 0.0001 0.0004 0.0015 00044 0.0069 
6 0.0000 0.0000 0.0000 0.0003 0.0010 0.0028 0.0046 
8 0.0000 0.0000 0.0000 0.0002 0.0008 0.0021 0.0034 
12 6.0000 0.0000 0.0000 0.0001 0.0005 0.0014 0.0023 
24 0.0000 0.0000 0.0000 0.0001 0.0003 0.0007 0.0011 
48 0.0000 0.0000 0.0000 0.0000 0.0001 0.0004 0.0006 
96 0.0000 0.0000 0.0000 0.0000 0.0001 0.0002 0.0003 
Pipe Beta ratio 
Reynolds 
number, 
RE; 0.20 0.30 0.40 0.50 0.60 0.70 0.75 
Reynolds number correction -- A Cp дом 
2.000 0.0055 0.0151 0.0310 0.0542 0.0855 0.1257 0.1494 
3.000 0.0040 00112 0.0229 0.0400 0.0631 0.0928 0.1102 
4.000 0.0033 0.0090 00185 0.03227 0.0508 0.0748 0.0888 
5,000 0.0028 0.0076 0.0156 0.0273 0.0430 0.0632 0.0751 
6,000 0.0024 0.0066 0.0136 0.0238 0,0375 0.0552 0.0655 
8,000 0.0019 0.0053 0010 00192 0.0302 0.0444 0.0528 
10,000 (0.0016 0.0045 0.0093 0.0162 0.0256 0.0276 0.0447 
20.000 0.0010 0.0027 0.0055 0.0096 0.0152 0.0224 0.0266 
40,000 0.0006 0.0016 0.0033 0.0057 0.0090 0.0133 0.0158 
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Table 6.5 (continued) Coefficients of Discharge for ASME Orifices 








Pipe Beta ratio 





Reynolds a — — — А —— —— — —— —— 
number, 
КЕ, 0.20 0.30 0.40 0.50 0.60 0.70 0.75 


Reynolds number correction AC Reno, (Contnucd) 


60,000 0.0004 00012 0.0024 0.0042 0.0067 00098 0.0117 
80,000 0,0003 0.0010 0.0020 0.0034 0.0054 0.0079 0.0094 
100,000 0.0002 0.0008 00017 0.0029 0.0045 0.0067 0.0079 
200,000 0.0002 0.0005 00010 00017 00027 0.0040 0.0047 
400,000 0.0001 0.0003 0.0006 0.0010 0.0016 0.0024 0.0028 
600,000 0.0001 0.0002 0.0004 0.0008 00012: 0.0017 0.0021 
800.000 0.0001 0.0002 0.0003 0.0006 0000 00014 0.0017 
1,000,000 0.0001 0.0001 0.0003 0.0005 0.0008 00012 0.0014 
2,000,000 0.0000 0.0001 0.0002 0.0003 0.0005 0.0007 0.0008 
4,000,000 0.0000 0.0001 0.0001 0.0002 0.0003 0.0004 0.0005 
6.000.000 0.0000 0.0000 0.0001 0.0001 0.0002 0.0003 0.0004 
8,000,000 0.0000 0.0000 0.000] 0.0001 0.0002 0.0002 0.0003 
10 х 10° 0.0000 0.0000 0.0001 0.0001 0.0001 0.0002 0.0003 
20 х 10° 0.0000 — 0.0000 0.0000 0.0001 0.0001 0.0001 0.0001 


AD « таб n nana п оппо A OOO ПИЛ A OOH! 0 0001 0 00nn1 


-, ж iv лу ҚАЛ, алУ AF AU Lease 1 WAP L WFAN A 


80 х 10° 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 
10x 10’ 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 





Uncertainty for Orifice Meters 


For pipe Reynolds numbers from 2,000 to 10,000 the uncertainty is equal to 
(0.6 + B)% for beta ratios between 0.20 and 0.75%. For pipe Reynolds 
numbers from 10,000 to 100,000,000, the uncertainty is 0.6% for beta ratios 
from 0.20 to 0.6 and equal to 8% for higher beta ratios. 


Expansion Factor Y 


As shown in Figure 6.5, the minimum flow area for an orifice 1s located 
downstream of the orifice. The stream of a compressible fluid i5 not 
restrained as it leaves the orifice throat and is free to expand transversely 
and longitudinally to the point of minimum flow area. Thus, the maximum 
contraction of the jet will be less for a compressible fluid than for a liquid. 
Because of this, the adiabatic expansion factor determined from equation 
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(3.120) or Table 3.2 may not be used with orifices. Neither may the critical 
pressure ratio equation, equation (3.115), be used, because the phenomenon 
of critical flow has not been observed during testing of orifice meters. 

For orifice meters, equation (6.29), which is based on experimental data, 
is used to determine the expansion factor: 


^ 
Y — 1 — (0.41 03585 (6.29) 
P) 


Pressure Loss Caused by Orifice Meter 


The pressure loss in terms of pressure developed by an orifice is dependent 
primarily on the beta ratio and the coefficient of discharge. The following 
equation may be used to estimate this loss for all orifices: 


Ap, [М Св \ 
L ПД: 


Ap, is the pressure loss in the same units as Ap. 


Example 6.4: ASME Orifice Meter Coefficients Air at 122 F and 150 
psia flows in a 10-in. schedule 40 steel pipe at a volumetric flow rate of 
3.575 ft'/min. An ASME orifice whose throat diameter is 7.5 in. is to be 
installed to meter this flow with a readout device that has a maximum in- 
dication of 150 in. of water at 68°F. What standard tap location should 
be used to match this requirement most nearly? 


(6.30) 


Solution 


This example may be solved directly by the application of equation (6.4) and 
related coefficient and expansion factor equations. 
(a) Fluid properties— air at 122 F 
From Table D.1, Af = 28.97 Ibm/Ibmol. From Table D.2, 4 = 0.410 x 107° 
Ibf- s/ft", k = 1.401: 

p 144 x 150 


Z—⁄— — - i 
P RT C (345/2897) x (22 4-460) ^ 0959 Iom/ft 


(b) Pipe properties 
From Table C.3, for 10-in. schedule 40 pipe: 


D = 0.8350 ft = 0.8350 x 12 = 10.02 inches 
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(c) Orifice propertics 


7.5 
] — — = 0.625 ft 
= 1 
В = 5 — 0.625/0.8350 — 0.7485 
2 agy? , 
Аа = Ша .7(9.625y _ 0.3068 ft^ 


(d) Pressure differential 
l inch of water at 68'F — 3.6065 x 10 7psi 
Ap = 150 x 3.6065 x 10°? x 144 = 778.8 Ibf/ft 


Ap 778.8 
— = —— = 0.03606 
PI 150 х 144 


(e) Mass flow rate 


3575 
m= pO = 0.6959 x ( 60 ) = 41.46 Ibm/s 


(f) Pipe Reynolds number 
4т 4 x 41.46 
7D 7 mDug, om x 0.8350 x 0.410 x 10-5 x 32.17 
(g) Expansion factor Y 
. A} 
Y = 1-—(0.41 + 0.3567) — 
+ P kp 
778.8 (6.29) 
-1- 74854 — 
Y = | — (0.41 +0.35 x 0.7485") x L401 x (150 x 144) 
Y = 0.9866 


(h) Required coefficient of discharge 
j = CYA, EAr M 
1-6: 
2 x 32.17 x 778.8 x 0.6959 (6.4) 
41.46 = C x 0.9866 x 0.3068 x 


1- 0.74854 


C = 0.6072 
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(i} From Table 6.5 at 6 = 0.75, D = 10 in, Rep © 5,000.000 : 


Corner D+ D/2 Flange 
С. 0.5944 0.5944 0.5944 
Сар - 0.0116 0.0029 
C Reynolds 0.0005 0.0005 0.0005 
> 0.5949 0.6063 0.5978 


The D 4- D/2 tap coefficient of 0.6063 is closest to the calculated value of C, 
with an error of 0.15%. The flange tap, with a coefficient of 0.5978, is next, 
with an error of 1.54%. The corner tap is last, with a coefficient of 0.5949 
and an error of 2.03%. The coefficient tolerance is 0.75%, making the choice 
of the D 4- D/2 taps significant. 


6.9 ELBOW FLOW METERS 


Although elbows have been used since the turn of the century for flow 
measurement, they have never been standardized by any technical society. 
Most of the information contained in. this section is obtained from the 
ASME Fluid Meters Report (Bean. 1971) and from Murdock et al. 
(1964). Elbows are commercially manufactured to change flow direction, 
and standards relate to external dimensions. There is considerable difference 
in internal dimensions among various manufactuers for clbows that will 
meet the same specifications. For this reason, elbows used for flow measure- 
ment must be carefully measured. 


Derivation of Flow Equation 


It can be shown (see, for example. Murdock et al., 1964) that the velocity in 
a bend (see Figure 6.6) 1s related to the pressure drop as follows: 


v= ға”, (ру — pog. — / R 2 Ap Ee (6.31) 
A(r,, = n p 2D p 


Application of the continuity equation, m7 = ov, results in the following: 


. R 
Маса = Apy 3DY 2 Ap g.p (6.32) 


For actual flow conditions, equation (6.32) becomes the following: 


. R 
т = CYAp 455v? Ар ғұр (6.33) 
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Figure 6.6 Elbow flow meter. 


Discharge Coefficient and Uncertainty 


The variation of discharge coefficient € with pipe Reynolds number is as 
follows: 


С-1--- 6.34 
Rep ) 


Coefficients of discharge calculated using equation (6.34) are shown in Table 
6.6. 
The uncertainty is 4% subject to the following limits: 


Pipe Reynolds number Re, from 10,000 to 1,000.000 
R/D greater than or equal to 1.25 


With calibration, the uncertainty 1s the same as for other devices, and the 
repeatability of these devices is excellent. 


Expansion Factor Y 


The expansion factor Y has not been established, thus limiting the use of 
elbow flow meters to incompressible fluids. 
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Table 6.6 Coefficients of Discharge for Elbow Flow Meters 


п ПТ ССС 











Pipe Pipe Pipe 
Reynolds Discharge Reynolds Discharge Reynolds Discharge 
number, coefficient, number, coefficient. number, coefficient 
Rep C Rep C Rep C 
































10,000 0.9350 50,000 0.9709 240,000 0.9867 
11.000 0.9380 55.000 0.9723 260,000 0.9873 
12.000 0.9407 60,000 0.9735 280,000 0.9877 
13,000 0.9430 65.000 0.9745 200,000 0.9881 
14,000 0.9451 70.000 0.9754 320.000 0.9885 
15,000 0.9469 75.000 0.9763 340,000 0.9889 
16,000 0.9486 80,000 0.9770 360,000 0.9892 
17,000 0.9501 85,000 0,9777 380.000 0.9895 
18,000 0.9516 90.000 0.9783 400,000 0.9897 
19,000 0.9528 95.000 0.9989 450,000 0.9903 
20,000 0,9540 100,000 0.9794 500,000 0.9908 
22.000 0.9562 І 10,000 0.9804 550,000 0.9912 
24,000 0.9580 120,000 0.9812 600,000 0.9916 
26,000 0.9597 130,000 0.9820 650,000 0.9919 
28,000 0.9612 140,000 0.9826 700.000 0.9922 
30,000 0.9625 150,000 0.9832 750,000 0.9925 
32,000 0.9637 160,000 0.9838 800,000 0.9927 
34,000 0.9647 170,000 0.9842 850,000 0.9929 
36,000 0.9657 180,000 0.9847 900,000 0.9931 
38.000 0.9667 190,000 0.985] 1.000.000 0.9933 
40,000 0.9675 200,000 0.9855 

45,000 0.9694 220,000 0.936] 





Pressure Loss Caused by Elbow Flow Meters 


There is no additional pressure loss if the elbow is required in the piping 
system. 


Example 6.5: Elbow Flow Meter calculation Water at 8&3 F and atmo- 
spheric pressure flows through an elbow flow meter. The measured radius 
of curvature is 2.81 in., and the internal diameter is 2.24 in. Determine 
the mass flow rate in Ibm/hr if the differential pressure produced is 50.6 
in. of water at 68°F. 
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Solution 


This example requires a trial-and-error solution, because the coefficient of 
discharge is a function of pipe Reynolds number, which requires that the 
flow rate be known. The number of iterations is reduced by assuming the 
initial pipe Reynolds number to be infinity. 

(a) Fluid properties 

From Table D.1 for water at 83 F: 


pi = 62.18 Ibm/ft. u= 17.31 x 10 Ibf.s/fe 


(b) Meter properties 


кү” 28] ]'^ 
—| =|] 207920 
(5) lo x 555 


| xnD'  n(224/12y 


— 0.02737 ft" 
4 4 0.02737 ft 


An 





(c) Pressure differential 
| in. of water at 68 E — 3.6065 x 10^? psi 
Ap = 50.6 x 3.6065 x 10 7 x 144 — 262.8 Ibf/ft 
(d) First trial calculation 


Assume Re, — oo. Then from equation (6.34), С = 1 апа the mass flow rate 
is as follows: 


IR 
n= СУАр apr? Ap E.P 
m-l1x1i1x02737 x 0.792042 x 262.8 x 32.17 x 62.18 
m = 22.23 lbm/s 





(6.33) 


Reynolds number: 


+ 
x. 
= 

+ 


= 272,300 





x 22.23 
17 2 
1l P. 


IAFD YS 1 e In-^ . 22 17 
аі T 123 ж J 2X EA “x —'=. 1 j 


From Table 6.6 at Rey = 272,300, C = 0.9875: 
т = 0.9875 х 22.23 х 3600 = 79.028 Ibm/hr 
Further trials did not change the result. 
Note, this example was taken from an actual calibration. The flow mea- 


sured by weigh tanks was 77.217 Ibm/hr. The calculated flow is 2.3% higher 
in this example. 
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6.10 PITOT TUBES 


A pitot tube is a device shaped to sense stagnation pressure. The first 
description of a tube used for measurement of stagnation pressure for the 
determination of velocity was given by Henri Pitot in 1732. The name “Pitot 
tube” has been applied to two general classifications of instruments. The 
first is a tube that measures the impact or stagnation pressures only. The 
second is a combined tube that measures both impact and static pressures 
with a single primary instrument. The combined sensor is also called a 
Pitot-static tube, 

Figure 6.7 shows an impact tube located at radius r from the centerline of 
a circular pipe to sense the stagnation pressure p, produced by the stream- 
line velocity U. The static pressure p, 1s sensed by the wall tap. The differ- 
ential, p,—p,= Ap is then calculated from the depression of the 
manometer. 





Figure 6.7 Notation for Pitot tube study. 
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If the equation of motion [equation (3.18)] is written for horizontal fric- 
tionless flow, the result is as follows: 


U du d 
Udu dp. 
Se p 


0 (6.35) 


Incompressible Flow 


Integrating equation (6.35) for constant density and noting that by defini- 
tion the stagnation velocity is 0 yields the following: 


р 1р 0 — Ua. - 
f du + -J dp — ideal 4 Po Ps -0 
С. 8, p p. 2g, p 





кіні 


or 


28. А 
С аса! = T (6.36) 


Conventional practice is to define the Pitot tube coefficient Cpio as follows: 


actual streamtube velocity — U 





C › = ЛД. - 
P^ ideal streamtube velocity — Usi 


2g. ^ 
U = Coj 5 Р (6.37) 


Compressible Flow 


o 
"A 





The stagnation process as U is reduced to 0 if the impact tube is assumed to 
be frictionless and adiabatic: The path of such a process. from equation 
(1.33). 15 ру = рай - pM. From equation (1.15), u = 1/0; therefore, the 
following can be written: 


1 174 


> Po _ P. *_ (BY. 
РР ог р=р, (2) = p. (^) (6.38) 
p ба Ы а ), 


Substituting equation (6.38) in the second term of equation (6.35) and inte- 
grating yields the following: 


[4*- ev [т _ (A (©) (ауа (6.39) 
р, p f р, p k — l Ds Р; 
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The adiabatic expansion factor Ypi.o, 1s defined as follows: 


ideal compressible velocity 


(6.40) 





Piot ideal incompressible velocity 


Based on this definition. Yp;,, is the square root of the ratio of the integra- 
tion of the second term of equation (6.35), or the following: 











k P. Po k-Wfk 
= DEAC) | 
Y puoi = Po P, 
\ p. (6.41) 
(с=т 1 
Y itot Z 
P N (p. /P.) -] 


Table 6.7 contains values of the adiabatic compression factor Ypo as a 
function of pressure and specific heat ratios. 

Since the Pitot tube can sense only a streamtube velocity profile, a coeffi- 
cient, Cy, 1$ needed and is defined as follows: 


average velocity v 





C profile (6.42) 


С streamtube velocity U 


Combining equations (6.37), (6.40), (6.41), and (6.42) with the continuity 
equation results in the following expression for mass flow rate: 


m= pAv = Ср C profile Үрім Ару 2g, Ap Ps (6.43) 


Velocity Profiles 


The best way to determine the velocity profile in a pipe is to make a Pitot 
tube traverse. If it is impractical to make a traverse, then the Pitot tube 
should be located on the pipe centerline to sense the maximum velocity. The 
relationship for the centerline velocity can then be calculated from the fol- 
lowing equations: 


Laminar Flow 


In Section 4.6, the velocity profile for laminar flow was shown to be 
parabolic, and from equation (4.18) #7, = 20: 
v D l 


Chrotile — U^ U, -53 (laminar flow) (6.44) 





Pressure 
ratio, 
Paul Ps 


1.01 
1.02 
1.03 
1.04 
(.05 
1.96 
1.07 
1.08 
.09 


1.10 
1.20 
1.30 
1.40 
1 











Flow Mieasurement in Closed Conduits 251 
Table 6.7  Adiabatic Compression Factor, Yptoi 
Ratio of specific heats, A(= ¢,/¢,) 

l.i 1.2 1.3 1.4 1.5 513 
0.9977 0.9979 0.9981 0.9982 0.9982 0,9985 
0.9955 0.9959 0.9962 0.9965 0.9967 0.9970 
0.9932 0.9938 0.9943 0.9947 0.9951 0.9956 
0.9911 0.9918 0.9925 0.9930 0.9935 0.9941 
0.9989 0,9898 0.9906 0.9913 0.9919 0.9927 
0.9868 0.9879 0.9888 0.9896 0.9903 0.9912 
0.9846 0.9859 0.9870 0.9879 0.9887 0.9898 
0.9825 0.9840 0.9852 0.9862 0.9871 0.9884 
0.9505 0.9821 (0.9834 0.9846 0.9856 0.9870 
0.9784 0.9802 0.9817 0.9830 0.9841 0.9856 
0.9588 0.9621 0.9649 0.9674 0.9695 0.9725 
0,9408 0.9455 0.9495 0.9530 0.9560 0.9603 
0.9242 0.9302 (0.9353 0.9396 0.9435 0.9489 
0.9089 0.9159 0.9220 0.9272 0.9318 0.9383 
0.8946 0.9027 0.9096 0.9156 0.9209 0,9283 
0.8813 0.8903 0.8980 0.9047 0.9106 0.9190 

0.8871 0.8944 0.9009 0.9101 
0.8847 0.917 0.9017 


Turbulent Flow (Smooth Pipes) 


0.8830 


0.8937 


An empirical relation for turbulent flow velocity distribution in smooth 
circular pipes known as the “law of the wall" is as follows: 


(6.45) 


Cprotile Can be expressed for smooth pipe turbulent flow as follows: 


C profile = 


Values of a may be estimated using equation (6.46) as follows: 


a = 0.2463 — 2.287 logi Rep 


1! г 


2 





U U, (a+ DQa+1) 


(turbulent flow, smooth pipes) 


(6.46) 


(6.47) 
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Turbulent Flow (Rough Pipes} 


For rough pipes, the following relationship is widely used to express 
turbulent flow velocity profiles: 


; . -i 

7 = [ + 1.326/f — 294 7 logi, (25) (6.48) 
Values of the friction factor, f. may be calculated from equation (4.25). 

At the pipe centerline, where r = 0 and U = U, equation (6.48) reduces 
to the following: 


v U ] 


= (turbulent flow, rough pipes 
U U, 14 1326/f Bh pipes) 


C profile = 


(6.49) 


Example 6.6: Pitot Tube Differential Carbon dioxide flows at 122 F and 
20 psia at an average velocity of 500 ft/s through an 8-in. schedule 40 
wrought steel pipe. The tube has been calibrated, and Cpyo, was found to 
be 0.9802. What pressure differential should be indicated when the Pitot 
tube is located on the pipe centerline? 


Solution 


A trial-and-error solution is necessary, because the adiabatic compression 
factor Ypi,, cannot be determined until the stagnation pressure ts calculated. 
The number of tterations is reduced by assuming incompressible flow for the 
first trial. 


(a) Fluid properties for CO, at 68°F 

From Table D.1, М = 44.010 Ibm/Ibmol. From Table D.2, 4 — 0.337x 
10 Š Ibf s/ft^, & = 1.279: 

BENZ 20 x 144 


= = = . ] ] fe 
RT ^ (1545/44.010X112 460; ^ 1410 Ibm/ft 





Ps 


(b) Pipe properties 
From Table C.3 for 8-in. schedule 40 pipe: 


D — 0.6651 ft == 2.255 x 10 3 


(c) Reynoids number 


pDv 0.1410 х 0.6651 х 500 
Rep = — = 


=- na Las = 4325.00 
Hg. | 0.337 x 10-5 x 32.17 325.000 
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(d) Friction factor 


| & 212517] 


21.25 E (4.25) 
4,325,000"? 


(e) Centerline velocity 


U, = (1 + 1.326 /f)o 
0, = (1 + 1.326V0.01434) x 500 (6.49) 
U,, — 579.4 ft/s 


(f) Incompressible stagnation pressure 


U, N 9.4 N2 0.141 
Ар = (с) P (55 ) 0140 — 765.7 Ibt/ft? 





Cro? 2g, | (0.98027 2 x 32.17 
Do = Py + Ap = 20 x 144 + 765.7 = 3645.7 lbf /ft` (6.36) 
3645.7 , 
= — = 25.32 bf /in^ 
Po 144 5.32 Ibf /in 


(g) Compressible pressure differential 
First trial: Use incompressible pressure differential: 
p, 25.32 
— = — = 1,266 
р, 20 
From Table 6.7 at p,/p, — 1.266 and А = 1.279, Уры = 0.9540 (interpo- 
lated): 


A Dincompressible u 765.7 








4 
Ap = — = = == 841.3 lbf/ft" 
(YPito)” 0,9540: 
> o2 | An Л ТЛА eat a war a mere 227213. acea nen 2 
Py — P, T ¿xP — ZU X 144 + 61.5 — j3/2 1.2 IÚL/ LL = £9.64 ІПІУ/ІП 


Second trial: Use first trial values: 


p, 25.84 
— = —— = 1.292 
p. 20 
From Table 6.7 at p,/p, — 1.266 and k = 1.279, Ypyo, = 0.9499 (interpo- 


lated): 
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— BPwompesie _ 765.7 
(Урам)? 0.9499: 


Subsequent trials resulted in Ap = 849.3/144 — 5.90 Ibt/in.?. 


Ap = 848.6 Ibf /ft 


6.11 ASME CRITICAL FLOW VENTURI NOZZLES 


ASME critical low Venturi nozzles are used to measure the flow of gases. 
The Venturi nozzles described in this section are limited to those conforming 
with ASME Flow Measurement Standards (Measurement of Gay Flow. 
1987). 


Classification of Venturi Nozzles 
Venturi nozzles are classified into two types: 


l. Toroidal throat. For this type, the inlet is in the shape of a partial torus 
followed by a diverging section, as shown in Figure 6.8. 

2. Cylindrical throat. For this type, the inlet is the arc of a circle followed 
by a cylindrical section of one throat diameter followed by a diverging 
section, as shown in Figure 6.9. 


Flow Equation 


Unlike the other devices covered in this chapter, the flow is independent of 
the differential produced (provided that the downstream pressure is low 
enough). The flow rate is a direct function of the inlet stagnation pressure 





Figure 6.8 Toroidal throat Venturi nozzle. 
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Figure 6.9 Cylindrical throat Venturi nozzle. 


and an inverse function of the square root of the inlet absolute temperature. 
The theoretical aspects of critical flow are covered in Chapter 3. 

An equation for ideal flow of ideal gases was derived in Chapter 3 as 
follows: 











(ideal gas) (3.109) 


Dx _ 
M ideal = 


At, dkg 4 RED SAD 
TEV eer 
Conventional practice is to write equation (3.109) as follows for the actual 
flow of a real gas: 
й* = С YorAgPo 


—OXRT,. fg. 


In equation (6.50). C is the coefficient of discharge, Yep is the critical flow 
function, and 4, is the throat area. 


(6.50) 


Discharge Coefficients and Uncertainty 


1. Toroidal throat 
Throat Reynolds numbers from [0,000 to 100,000; uncertainty = 1%: 


3.032 
С = 0.99844 - 5 (6.51) 
Re, 
Throat Reynolds numbers from 100,000 to 10,000,000; uncertainty = 0.5%: 
1.52 
C — 0.9935 — 132 (6.52) 
Re ` 


Су 
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2. Cylindrical throat. For this Venturi nozzle, uncertainty = 0.5% for 
all ranges. 
Throat Reynolds numbers from 10,000 to 350,000: 


.21 
C = 1.0000 — DE (6.53) 


Rey” 
Throat Reynolds number from 350,000 to 2,500,000: 
C — 0.9887 (6.54) 
Throat Reynolds number from 2,500,000 to 10,000,000: 
0.2165 


172 
Re; 


C = 1.0000 — (6.55) 


Values of the coefficient of discharge for both types are given in Table 
6.8. 


Table 6.8 Coefficients of Discharge for ASME Critical Flow Venturi 





Nozzles 
Throat Throat 
Reynolds Toroidal Cylindrical Reynolds Toroidal Cylindrical 
number, throat throat number, throat throat 
Re; C C Re, C C 
10.000 0.9681 0.9279 500.000 0.9913 0.9887 
20,000 0.9770 0.9490 600,000 0.9915 0.9887 
30,000 0.9809 0.9584 700,000 0,9917 0,9887 
40,000 0.9833 0.9640 500,000 0,9918 0,9887 
50.000 0.9849 0,9678 900,000 0.9919 0.9887 
60,000 0.9861 0.9706 1.000,000 0.9920 0.9887 
70,000 0.9870 0.9727 1.500.000 0.9923 0.9887 
80,000 0.9877 0.9745 2.000.000 0.9924 0.0887 
90.000 0.9883 0.9860 2,500,000 0.9925 0.9887 
100,000 0.9887 0,9772 2,000,000 0.9926 0.9890 
200,000 0.9901 0.9839 4,000,000 0.9927 0.9896 
250.000 0.9905 0.9856 5,000,000 0.9928 0.9901 
300,000 0.9907 0.9868 6,000.000 0.9929 0.9905 
350.000 0,9900 0,9887 8,000,000 0.9930 0.9910 





400.000 0.9911 0.9887 10.000.000 0.9930 0.9914 
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Critical Flow Function Yer 

it is evident by comparing equation (3.109) with equation (6.50) that the 
critical flow function Yeg for an ideal gas may be expressed by the follow- 
ing: 


) qn 
| (6.56) 


Үер = (| 
CR = 


In Section 1.5, it was shown for the process path pu”= c that » can be 
expressed as follows: 
V d, 
na — ot (1.32) 
рау 
If the isentropic exponent « is defined as the path pv" = c taken by a real 
gas undergoing an isentropic process, then: 


9 
k=? (z) (6.57) 
p XOU, 


The equation of state of a real gas may be expressed as pv = ZRT [equation 
(1.43)], where Z is the compressibility factor. With the preceding definitions 
of a real gas, the critical flow function becomes: 





&F 2 qeto) 
Yer = 4а | (real gas) (6.58) 


Values of Y, for air, nitrogen, oxygen, and steam are given in Table 6.9. 
Note that for an ideal gas. Z = 1 and « =k (ratio of specific heats), so 
equation (6.58) reduces to equation (6.56). 


Example 6.7: Mass Flow Rate of an ASME Toroidal Venturi Nozzle Air 
at 115 psia and 100°F flows in a 24-in. schedule 40 horizontal steel pipe. 
Installed in this pipe is an ASME toroidal Venturi nozzle whose throat 
diameter is ] in. The Venturi nozzle discharges into the atmosphere. Esti- 
mate the mass flow rate of air through the pipe. 


Solution 


With the very large pipe discharging into a small nozzle, the static pressures 
and temperatures are essentially the same as stagnation. Although a trial- 
and-error solution is indicated, the coefficient of discharge is very close to 
unity. and at higher Reynolds numbers its variation is so small that the ideal 
mass flow may be used to calculate the Reynolds number. The discharge 
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Table 69 Critical Flow Functions (Yeg) of Air, Nitrogen, Oxygen, and 


Steam 


400 
450 
500 
550 
600 
650 
700 


400 
450 
500 
550 
600 
650 
700 


400 
450 
500 
550 
600 
650 
700 


200 
300 
400 
500 
600 
700 
800 
1000 
1200 
1400 
1600 











Inlet stagnation pressure. po psia 
0 100 200 400 600 800 1000 
Air 
0.6840 0.6897 0.6947 0.7050 0.7161 0.7276 0.7401 
0.6549 0.9882 0.6916 0.6956 (0.7057 0.7130 0.7203 
0.6848 0.6873 0.6897 0.6945 0.6992 0.7041 0.7089 
0.6847 0.6864 0.6582 0.6916 0.6950 0.6982 0.7015 
0.6847 (0.6860 0.6371 0.6896 0.6919 0.6942 0.6965 
0.6846 0.6855 0.6864 9.6881 0.6897 0.9143 0.6929 
0.6844 0.6850 0.6856 06868 0.688! 0.6892 0.6901 
Nitrogen 
0.6847 0.6893 0.6829 0.6978 0.7138 07244 0.7351 
0.6847 0.6879 0.6910 0.6975 0.7040 0.7108 07174 
0.6847 0.6869 0.6891 0.6936 0.6980 0.7025 0.7068 
0.6847 0.6863 0.6879 0.6909 0.6940 0.6970 0.6999 
0.6846 0.6858 0.6869 0.6891 0.6912 0.6932 0.6953 
0.6846 0.6854 0.6862 0.6877 0.6891 0.6905 0.6919 
0.6845 0.6832 0.6856 0.6866 0.6876 0.6885 0.6893 
Oxygen 
0.6846 0.6903 0.6963 0.7090 0.7231 0.7386 0.7553 
0.6845 0.6886 0.6927 07014 07106 0.7018 0.7305 
0.6844 0.6874 0.6904 0.6965 0.7029 0.7095 0.7183 
0.6541 0.6862 0.6885 (0.6920 0.6976 0.7023 0.7069 
0.6838 0.6854 0.6871 0,6904 0.6937 0.6971 0.7005 
0.6833 0.6827 0.6858 0.6842 0.6908 0.6932 0.6958 
0.6828 0.6745 0.6847 0.6865 0.6884 0.6901 0.6919 
Steam 

0.6724 0.6727 
0.6714 0.6717 
0.6706 0.6708 
0.6693 0.6695 0.6757 
0.6683 0.6685 0.6732 0.6957 
0.6670 0.6675 (6708 (0.6855 0.7075 0.7772 
0.6657 0.6664 0.6685 0.6789 0.6938 0.7316 0.8803 
0.6633 0.6640 0.6649 0.6708 0.6788 0.6962 0.7168 
0.6608 0.6618 0.6628 0.6665 0.6714 0.6815 0.6925 
0.6587 0.6592 0.6600 0.6626 0.6655 0.6719 0.6791 
0.6567 0.6564 0.6561 0.6582 0,6600 0.6637 0.6678 
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into the atmosphere provides a pressure ratio of 14.7/115 = 0.13, which 
ensures sonic flow in the throat. 


(a) Pipe properties 
From Table C.3 for a schedule 40 steel pipe: 


D = 1.885 ft, Ap = 2.792 ft 


(b) Venturi nozzle properties 


z(1/12y 


zd 


C 7 7 
== 4*' 204005454 ft 
A= 71 7 305454 ft 
4 1/12 
— — Z — ? 
В =т= таа = 00442 (8 < 0.25) 


(с) Fluid properties for air 
From Table D.1, M — 28.97 Ibm/Ibmol: 


R, 1545 
=" == 3.33 ft-Ilbf /(lbm. R 
M 289; ОГОО R) 
From Table D.2 for 100' F. « = 0.398 x t0~° Ibf-s/ft?. From Table 6.9 at 
Ра == 115 рзіа апа Т, = 100 + 460 = 560 R, Yeg = 0.6866. 


(d) Reynolds number 
Ideal mass flow rate: 
АҒА 
RT, /8. 
1 х 0.6866 x 0.005454 x (1144 x 115) 
| 0 48333x500/3217 ———— (6.50) 
та = 2.035 lbm/s 
4т 4 х 2.035 


----- ----------------------2,428 000 
лаце. л(1/12) х 0.398 х 10 ® х 32.17 


ж 
Migeal = 


ж 
ideal = 


Re, 


(e) Mass flow rate 
From Table 6.8 at Re, — 2.428,000, C — 0.9925: 


т = Сне = 0.9925 х 2.035 = 2.020 Ibm/s 
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Forces on Immersed Objects 


7.1 INTRODUCTION 


The number of types of structures that are subject to fluid forces is almost 


finite Far thig rangon pnr en wiarntionn hac ta he Imitad ta can этүү үм] 
Infinite, ror as reason, our consigcration nas tO boe iumited tO some simpac 


d 
shapes, such as the flat plate, the sphere, and the cylinder. For the purpose 
of illustration, consideration is given to typical engineering situations in 
connection with vortex-induced vibration, resistance of ships, properties 
of lifting vanes, and characteristics of propellers. 

Although examples are solved in USCS units, all equations are structured 
to enable their use with SI units as well. 


7.2 BACKGROUND 


Men whose significant contributions underlie the material covered in this 
chapter are Leonardo da Vinci (1452-1519), who first sketched and 
described vortex formation, and Ludwig Prandtl (1875 1953), Paul 
Heinrich Blasius (1883 ?), Theodore von Karman (1881-1963), and 
Hermann Schlichting (1907-7), all of whom made contnbutions to bound- 
ary layer theory. 


261 


262 Chapter 7 


73 DRAG AND LIFT 


Figure 7.1 shows the effect of an object placed in a fiuid stream. The impin- 
gement of the fluid on the object produces a force F. The horizontal com- 
ponent of this force is the drag force, the vertical component is the /ift force. 
The presence of this object may produce a wake, in which eddies are shed 
regularly from alternate sides at a definite frequency. This shedding pattern 
is generally known as Karman vortex trails, in honor of Theodore von 
Karman, whose studies formalized this phenomenon. 

Consider a fluid of density p, viscosity u, and bulk modulus of elasticity £ 
approaching an object whose characteristic length is L at velocity v. The 
impingement of the fluid on the object produces a drag force of Fp and a lift 
force of F;. The wake sheds eddies with a frequency of f. 

Dimensional analysis gives the following functional relationship: 


f[(Cp, C,. Re, M, $5) «0 (7.1) 


In equation (7.1), the Strouhal number is a dimensionless parameter repre- 
senting the ratio of inertia to vibration forces (S = Lf/v). The formation of 








cm, 


Drag force | ` — 


D~ 





Figure 7.1 Notation for drag and lift. 
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a wake with shedding eddies depends upon the ratio of tnertia to viscous 
forces or Reynolds number, so it follows that the Strouhal number must be 
some function of Reynolds number: 


S$ = f(Re) (7.2) 


This function will be devcloped in a later section on cylinders. Equation 
(7.1) may now be simplified as follows: 


(Cp, C,, Re, M) = 0 (7.3) 


Since the lift and drag forces are independent of each other, equation 
(7.3) can be written as follows: 
pu A 


Ёр = Ср = (7.4) 


с 


where the drag coefficient Cj = /(Re, M) and A is the characteristic area. In 
a similar manner, the lift force can be written as follows: 


рт? А 
2g. 

The drag force shown in Figures 7.1 and 7.2 arises from two sources, the 
interference of the object to the flow, called the pressure or shape drag, and 


the friction drag due to the wall shear stress t,. called skin friction drag. The 
drag coefficient is made up of two parts, as follows: 


(7.5) 





F, = C, 


F, F 


— — — — 





Figure 7.1 Notation for physical analysis. 
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pu A pt A pw A 
Fp = F, + Ë; - Сре = Су 5 ` + C. 20 (7.6) 
or 
C, A, 
Ср = C (7.7) 


where C, is the shape coefficient, C; is the skin friction coefficient, and A, is 
the characteristic area for shear. 

The lift force shown in Figures 7.1 and 7.2 is a function of shape and the 
angle of attack. o, as well as Reynolds and Mach numbers. 


Example 7.1: Lift and Drag A kite (Figure 7.3) weighs 3 Ibf and has an 
area of 10 ft2. The tension in the kite string is 8 lbf when the string makes 
an angle of 45° with the horizontal. For air at 80 F and 14.7 psi with a 
wind velocity of 20 mph, what are thc coefficients of lift and drag? 


Solution 


This example is solved by direct application of the definitions of lift and 
drag. 
(a) Unit conversion 

. 20mph x 5280 ft/mile 


|= — = 29.33ft/s 
' 3600 s/hr is 


(b) Fluid properties -air 
From Table D.I, M — 28.97 Ibm/Ibmole: 





—— 
— 
80°F 
— 
14.7 psia ~N 
20 пәрп 7” 45° 
Drag 
— 
— 10 ft2 


Tension Weight 
8 Ibf 3 Ibf 


Figure 7.3 Notation for Example 7.1. 
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op 
P= RT 

B 14.7 Ibf/in? x 144 in^/ft _ (1.39) 
P = 1545/28.97) fce1Ibf/(lbm. R) x (80 + 460) `R 


p = 0.0735 Ibm/ft` 





(c) Compute drag coefficient 


F,, = tension x cosd$. — 8 x cos45 — 5.657 lbf 





C р = 28. Ёр 
о А 
c 2 x 32.17 x 5.657 (7.4) 
P^ 00735 x 29.335 x 10 
Cp = 0.5756 


(d) Compute lift coefficient 
F, = tension x sin4S + weight = 8 x sin 45° + 3 Ibf = 8.657 Ibf 


p 2g. F,. 

CLS ped 

cC. 2 x 32.17 x 8.657 (7.5) 
^ 0.0735 x 29.33 x 10 

С, = 0.8809 


7.4 SKIN FRICTION DRAG 
Boundary Layer 


Figure 7.4 shows a fluid approaching a flat plate with a uniform velocity 
profile of v. As the fluid passes over the plate, the velocity at the plate 
surface is zero and increases to v at some distance from the surface. The 
region in which the velocity varies from 0 to v is called the boundary laver. 
The thickness of this layer is à. For some distance along the plate, the flow 
within the boundary layer is laminar, with the viscous forces predominating. 
But in the transition zone as the inertial forces begin to exceed the laminar, a 
turbulent layer begins to form that increases as the laminar layer decreases. 
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4-10 


—-—X 
— Laminar ——L — ——- Transition 


Figure 7.4 Boundary layer along a smooth. flat plate. 







Turbulent ———+ 


Reynolds Number 


The Reynolds number used for skin friction drag is based on the distance x 
from the leading edge of the flat plate. Substituting x for the characteristic 
length in the Reynolds number equation yields equation (7.8): 





Ве, = 210 17 (7.8) 
Hg, v 
Equations 


Skin friction drag coefficients for incompressible flow over smooth. flat 
plates may be calculated from the following equations (see Figure 7.5). 


Laminar 


Laminar flow starts at the leading edge of a flat plate and continues until 
a Reynolds number of about 500,000, depending upon the surface rough- 
ness and the degree of turbulence: 


for 0 < Re, « 500,000 (7.9) 
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107? 





Figure 7.5 Skin friction coefficients for smooth, flat plates. 


Transition 


The Reynolds number where the boundary layer changes depends upon 
the roughness of the plate and the degree of turbulence. The generally 
accepted number is 500,000, but the transition can take place at Reynolds 
numbers higher or lower. For transition at Reynolds number Re, of 
500.000, C, can be calculated as follows: 





0735 1700 

C, = 0.07 -5 for 500.000 < Re, < 10,000,000 (7.10) 
Re!” Re, 

Turbulent 


Depending upon the transition Reynolds number, the surface roughness, 
and the degree of turbulence, turbulent flow can take place in the boundary 
layer at Reynolds numbers as low as 200,000: 

0.0735 
y = тд бог 200,000 < Ке, < 10,000,000 (7.11) 
Ке,” 
0.455 


|, =—— — а for 10,000,000 < Re, < 1,000.000,000 (7.12) 
logio Re 
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Example 7.2: Drag of a Smooth, Flat Plate A smooth, flat plate 10 ft 
wide and 100 ft long is towed through 100°F water at a velocity of 
20 ft/s. Compute the tension on the towing cable (neglecting its effect) in 
pounds force. 


Solution 


This example is solved by direct application of the appropriate equations 
given in this section. 


(a) Fluid properties water at 100 °F 
From Table D.1, p = 62.00 Ibm/ft*, u = 14.24 x 107^ Ibf. s/ft". 


(b) Plate properties 


x= 100 ft 


|| 


A, = 100 x 10= 1,000 ft” (one side) 


(c) Reynolds number 


| pxe 62.000 х 100 х 20 








Ве, = 2 — — 270.680.000 8 
"UT um 1424 x 10 5 x 32.17 (7-8) 
(d) Skin friction coeficient 
0.455 0.455 
= 0.001858 (7.12) 





"Пову Ве, og, (270.680.000)J2 3° 


(e) Tension in towing cable 


pv" A, 62.00 x 20° x 1000 
— 0.001858 — ———— ———— — 
X 0.0018 2.3217 716 Ibf (7.6) 





F, = C; 


The towing cable tension is twice that of one side, or 2 x 716 = 1432 Ibf 


7.5 SHAPE DRAG 


Experiments with certain objects normal to the flow of a fluid indicate that 
their drag coefficients are essentially constant at Reynolds numbers over 
1000. This means that the drag for Re > 1,000 is "shape" drag. Table 7.1 
shows typical values used by engineers for design and estimating purposes. 
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Table 7.1 Shape Coefficients, Re > 1000 





Flat plate Normal to flow Length;width ! 5 0 20 30 oo 











C, 1181.2 13 15 16 1.95 
Disk Normal to flow C, — 1.18 
Trains Locomotive + tender, streamlined C, = 0.40 
Locomotive ^ tender. conventional C, — 0.93 
Railroad cars, streamlined C, —0.15 
Railroad cars, conventional С, - 0.40 
Automotive Automobiles. racing C, 0.17 
Automobiles, streamlined С = 023 
Automobiles, fast-back C, — 0.34 
Automobiles, conventional C, — 0.52 
Truck. conventional C, — 0.60 
Ship Passenger, conventional С, - 0.90 


Example 7.3: Wind Forces on a Billboard Estimate the total wind force 
on a billboard 10 ft high and 50 ft wide when it is subjected to a 20-mph, 
32 F, and 14.7-psia wind blowing normal io it. 


Solution 


In this situation the skin friction drag is negligible and the drag is essentially 
caused by the shape of the billboard. This example ts solved by using equa- 
tion (7.6) and Table 7.1. 


(a) Unit conversion 


20 mph x 5280 ft/mile 
= ——  TCÉD= 29.33 ft 
i 3600 s/hr /s 
(b) Fluid properties- -air 
From Table D.2. M = 28.97 lbm/lbmole. From Table D.2 for 32 F. u = 
0.360 x 107* Ibf . sec/ft^: 


p _ 144 x 14.7 
RT (1545/28.97) x (32 + 460) 





p= — 0.08067 IbmTt (1.39) 
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(c) Properties of the billboard 





A = projected area = height x width — 10 x 50 — 500 ft^ 
area 500 
F, = - = = 4.1667 ft 
^ "perimeter — 2(10 + 50) 
D, —4x R, —4.1667 — 16.67 ft 
longest dimension 50 5 
shortest dimension 10 
(d) Reynolds number 
D, .08067 x 16.67 x 29.33 
Re - 2Det ., 6.08067 x x 29.33. 3.406.000 (7.8) 








Mg, —— 0.360 x l0-5 x 32.17 
Since Re is greater than 1,000, Table 7.1 may be used. 


(e) Shape coefficient 
From Table 7.1 for a flat plate normal to flow, length/width (longest dimen- 
sion/shortest dimension) = 5: 


C, 212 


(f) Total wind force 
pv A, 0.08067 x 29.337 x 500 e 
І 


y^ ү" 71 
© = 1.2 = ffi ID 


5707 2g, 2x 32.17 








7.6 DRAG OF A SPHERE 


In calculating the drag of spheres, the sphere diameter. D, is used as the 
characteristic length and the projected area, D^ /4. is used as the drag area. 
The drag of a sphere is obtained by substituting the projected area in equa- 
tion (7.4); 








2 2 2 2222 
| . v A ‚ т (тї /4) лр ро 
Ер = Cp Ve -o P ET P с, Xo (7.13) 
= “AC MOC 


Values of drag coefficients versus Reynolds numbers for spheres are shown 
in Figure 7.6. 


Laminar Flow 


For laminar flow, Stokes’ Jaw is used for Reynolds numbers up to 0.5. 
Stokes’ law may be stated as follows: 
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TIN 






1 28 106,000 | 0.40 
N, 5 7.1 60,000} 0.52 
то! ` 10 4.5 100,000 | 0.60 
Stokes's M 50 1.7 200000| 0.42 
әке М 100 1.0 290,000} 0.09 
500 0.54 300,000 0.11 
1,000 0.45 | 500,000} 0.20 
5,000 0.40 | 1,000,000} 020 
Ср 109 ene ы, е 


WWIIIZ$ÜƏÓIP 


1072 —— — -—- od 2 — 
107! 100 10! 10? 103 104 105 105 
Ro 


Figure 7.6 Drag coefficients of spheres. 


24 = 2416, for 0 < Вер < 0.5 (7.14) 


С = — 
p Rc D оре 


From equations (7.13) and (7.14), the drag force of a sphere in laminar flow 
becomes the following: 





2 2 > | 202 
AD pr ( ені үлі m эли рь (7.15) 


Ёл = С = 
DOOP Sg, ор] Sg, 


Example 7.4: Laminar Drag, Falling Sphere Viscometer A steel ball 
whose specific weight is 490 Ibf/ft falls at a steady velocity of 0.16 ft/s 
through a mass of oil whose density is 56.78 Ibm/f^. What is the dynamic 
viscosity of the oil" The spherc diameter is 0.06 in. (see Figure 7.7). 


Solution 


This example is solved by using the "frce-body" concept. assuming that 
Stokes’ law applies, and then verifying the assumption. 


(a) Fluid properties 


P 56.78 x 32.17 
р 22.17 





Vo? = 56.78 Ibf/ft" 
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Figure 7.7 Notation for Example 7.4. 


(b) Properties of the sphere 





0.06 
Dc 0005011 
12 
pote 
6 


(c) Drag force 
Ер = Зли Ре 
(d) Buoyant force 
Fg = y. j 
(e) Gravity force 


E 


Е, = у, 
(1) Free body 
Y F- = 0 = Fp- Fy- F, = Fp- F, + Fp 


Substituting the force equations into the free-body equation and solving for 
je results in the following: 
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_ (y, — y) _ (y, — x«D'/6) (y - yo) 
H= 3rDu 00 Зл Пе E 18 


(р) Viscosity of oil 


(y, — D^) (450 — 56.78)(0.005°) 


_ -3 BU 
]8v 18 x 0.16 = 3.761 x 10° Ibf - s/ft 





и = 


(h) Verify flow 


. pDv 56.78 x 0.005 x 0.16 


Re, = = = 0,375 
CD — hg. 3.761 x 10-2 x 32.17 





Since 0.375 < 0.5, Stokes’ law applies. 


Turbulent Flow 


No equations have been developed for the calculation of drag coefficients 
for turbulent flow around spheres. For estimating purposes, the tabulated 
drag coefficients given in Figure 7.6 may be interpolated. 


Example 7.5: Turbulent Drag A 3-inch-diameter metal ball is towed un- 
der fresh water at 68'F by means of a cable fastened to a boat moving 


steadily in a horizontal direction of 6 ft/s. Neglect the effect of water on 
the cable. Estimate the power required to pull the ball. 
Solution 


This example ts solved by calculating the drag force and using it to compute 
the required power. 


(a) Fluid properties 
From Table D.1 for 68°F water: 


— 62.3] Ibm/ft, = yz = 20.95 x 107° Ibf - s/ft? 


— pDv 62.31 х (3/12) x 6 


= = — = 138,700 
Hg. 20.95 x 10 5 x 32.17 


(c) Drag coefficient 
From upcoming Figure 7.8 at Rep = 138,000: 


Ср = 0.54 (by linear interpolation) 
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(d) Drag force 


(3/12) x 62.31 x 
8 x 32.17 


0” = 0.9242 lbf 





= 0.54 


(е) Required power 
P= Fpyv = 0.9242 x 6 = 5.545 ft - Ibf/s (= 5.545/550 = 1/100 hp) 


Compressible Flow 


Table 7.2 may be used for estimating the drag coefficients of spheres at 
supersonic velocities. 

Example 7.6: Terminal Velocity of a Sphere A research project requires 
that a metal ball when dropped through atmospheric air (32°F, 14.7 psia) 
attain a terminal velocity of Mach 2, The specific weight of metal is 495 
Ibf/ft?. Estimate the required sphere diameter. 


Solution 


This example ts solved by assuming that the drag of the sphere is equal to its 
weight when vertical equilibrium is achieved. The density of the metal com- 
pared to that of the air is so large that buoyant force may be ignored. 


Table 7.2 Drag Coefficients for Spheres at Supersonic Velocities 





Mach number Reynolds number 

10: 10? 10? 10° 10^ 
1.0 0.89 0.81 0.89 0.85 0.80 
1.2 0.97 0.85 0.93 0.98 0.85 
1.4 1.00 0.89 1.01 0.98 0.95 
1.6 1.05 0.93 0.99 1.00 1.00 
1.8 1.10 0.94 0.98 0.98 0.98 
2.0 1.12 0.95 0.96 0.96 0.97 
2.2 1.13 0.96 0.95 0.96 0.96 
2.4 1.13 0.96 0.94 0.95 0.95 
2.6 1.14 0.97 0,93 0.95 0.95 
2.8 1.14 0.97 0.93 0.96 0.95 
3.0 1 


14 0.97 0.92 0.97 0.95 





“For Reynolds numbers greater than 107, use values for 107. 
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(a) Fluid properties —air 
From Table D.2, M = 28.97 Ibm/lbmole. From Table D.2 for 32^F, џи = 
0.360 x 107? Ibf - s/ft^, k — 1.402: 


p 144 x 14.7 


— — — 3 
RT  (1545/28.97) x (32 + 460) 0.08067 Ibm/ft (1.39) 








p 


(b) Velocity of sphere 


c = y kg, RT = y 1.402 x 32.17 x (1545/28.97)(32 + 460) = 1088 ft/s 


v= cM = 1088 x 2 = 2176 ft/s 


(c) Gravity force 


улр` 
6 
(d) Equating gravity force with drag force 


Е, — yF = 








Е, = = 
D 6 D 8g. 
Or 
бр? 6 х 0.08067 х 2176: 
D= Cog = Ср уто gos = 17.99Ср 
АСУ KI Ж ) l. 1 7 ZZ T“ 7. 


(e) First trial 
From Table 7.2 for Mach 2 and Rep = 10’, Cy = 0.97: 


D = 17.99 x 0.97 = 17.45 


(f) Verify Reynolds number 


орг 0.08067 х 17.49 х 2176 
Rep = —— = 


— = 65 x 10° 
Hg. 0360 х 106 х 3217 х 


The Reynolds number ts greater than 10’. Further trials are not necessary 
and D = 17.45 ft. 


7.7 DRAG OF A CYLINDER 


In calculating the drag of circular cylinders, the cylinder diameter., D, is used 
as the characteristic length and the projected area, £D, is used for the drag 
area. The drag of a cylinder is obtained by substituting thc projected area іп 
equation (7.4): 
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pra _o ov LD 
7-02 Jy 


€ Жоу 


(7.16) 








Figure 7.8 gives drag coefficients for cylinders of infinite length: Table 7.3 
gives them for cylinders of finite length. 


Example 7.7: Calculation of Drag Coefficient As shown in Figure 7.9, a 
cylindrical chimney 3 ft in diameter and 75 ft high is exposed to a 35 mph 
wind (o = 0.0772 lbm/ft*). Measurements at the base of the chimney indi- 
cate a bending moment of 9,200 Ibf . ft. Compute the drag coefficient. 


Solution 


This example is solved by computing the drag force from the bending 
moment. 


(a) Convert velocity 


35 x 5280ft/milc 
4m —————————— z51.33ft/s 
е 3600 s/hr / 


(b) Drag force from Figure 7.9 


L 
М = Fo(5) 


or 





10 oe -—.L. 
107 100. 10! 10? 103 10* 105 105 10? 108 
Rp 


Figure 7.8 Drag coefficients of a cylinder of infinite length. 
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Table 7.3 Drag Coefficients for Finite Cylinders, Re > 1000 


L/D | 5 10 20 30 со 
Cp 0.63 0.80 0.83 0.93 1.00 1.20 


Fp = s: = 2 x 9.200/75 = 245.3 Ibf 


(c) Drag coefficient 


4 2. 
2g, — 2453 2 x 32.17 


Fp — M = 245.2 = 0.3449 7.16 
P oU LD 0.0772 х 51.33? х 75 х 3 (7-16) 





Cp = 


Ü 
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Figure 7.9 Notation for Example 7.7, 


278 Chapter 7 


7.8 WAKE FREQUENCY 


An object in a fluid stream may be subject to the downstream periodic 
shedding of vortices, first from one side and then from the other. The 
frequency of the resulting transverse (lift) force is a function of the stream 
Strouhal number. As the wake frequency approaches the natural (requency 
of the structure, the periodic lift force increases asymptotically in magni- 
tude; when resonance occurs, the structure fails. Neglecting to take this 
phenomenon into account in design has been responsible for failures of 
electric transmission lines, submarine periscopes, smokestacks, bridges, 
and thermometer wells. The wake frequency characteristics of cylinders 
arc shown in Figure 7.10. At a Reynolds number of about 20, vortices 
begin to shed alternately. Behind the cylinder is a staggered, stable arrange- 
ment of vortices known as the Karman vortex trail. At a Reynolds number 
of about 105, the flow changes from laminar to turbulent. At the end of the 
transition zone (Re = 3.5 x 10°), the flow becomes turbulent, the alternate 
shedding stops, and the wake is apcriodic. At the end of the supercritical 
zone (Re = 3.5 x 10°), the wake continues to be turbulent, but the shedding 
again becomes alternate and periodic. 
The alternating /if? force is given by the following: 


| pv Asin (27/1) 
een 


Е, (0) = >. (7.17) 
where ¢ is the time. 
The Strouhal number may be computed from equation (7.18): 
D 
5 "IP (7.18) 


p 


The Strouhal number is nearly constant to Re = 10°, and a nominal design 
value of 0.2 is generally used. Above Re = 10°, data from different experi- 
menters vary widely, as indicated by the cross-hatched zone of Figure 7.10. 
This wide zone is due to experimental and/or measurement difficulties and 
the dependence on surface roughness to "trigger" the boundary layer. 
Examination of Figure 7.10 reveals an inverse relation of Strouhal number 
to drag coefficient. 

Observation of actual structures shows that they vibrate at their natural 
frequency and with a mode shape associated with their fundamental (first) 
mode during vortex excitation. 
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Figure 7.10 Flow around a cylinder. 
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Example 7.8: Smokestack Design A smokestack ts to be erected at a lo- 
cation where winter winds up to 50 mph have been observed. The stack 
design under consideration has a diameter of 16 ft. The natural frequency 
of this type of stack is given by: 


(0^ 
"m = (5) (a) 


where f, is the natural frequency in hertz (cycles per second) and H is the 
height of the stack in feet. To ensure that failure from resonance will not 
occur, good design practice limits the wake frequency to 80% of the natural 
frequency. What is the maximum height of stack that should be erected? 
Assume air at 32 F and 14.7 psia. 


Solution 


This example is solved by matching the natural frequency of the stack with 
80% of the vortex shedding frequency. 


(a) Convert velocity 


_ 50 x 5280 ft/mile 


= = 71.33 ft/s 
3600 s/hr 71.33 ft/s 


(b) Fluid properties- air 
From Table D.2, M = 28.97 lbm/ibmole. From Table D.2 for 32°F, u = 
0.360 x 10 `Š Ibf -s/ft’: 

p 144 x 14.7 


RT — 0.08067 Ibm/ft? 13 
U RT (1545/28.97) х (32 + 460) 57 Ibm/ft (1.39) 





(c) Reynolds number 


. pDv 0.08067 x 16 x 73.33 





Rej, = = — — = 8,173,000 
D "ng, 0.360 x 1075 x 32.17 

(d) Maximum Strouhal number 
From Figure 7.10 at Rey = 8 x 10$, S... — 0.3. 
(e) Minimum natural frequency 

. P wtmin) Smar” 0.3 x 73.3 

пітіп) - = = = 1.718 Hz . 

Junin = 08 ^ Q8D ^ 08 x 16 8 Hz (7-18) 
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(f) Calculate maximum stack height 


R ! 
1/- 


— fae 7 fa Y 
(9) d -Af (a) 


7.9 RESISTANCE OF SHIPS 
Dimensional and Physical Analysis 





Consider a ship of length L moving on the surface of a liquid at a speed v. 
The liquid has a density p, viscosity u. and a surface tension øo. The accel- 
eration of gravity is g. and the movement of the ship produces a drag force 
of Fp. The dimensional analysis of ship resistance results in the same para- 
meters as were obtained from analyses of other objects. Thus, the total drag 
of a ship is given by the following: 

pr’ (wetted surface) pS, 


Cp > (7.19) 


F, = C 
Р-р 28. 28, 


Surface tension forces are very weak for this analysis. and, therefore. 
these forces are not considered in the computation of ship resistance. 
Conventional practice is to divide the drag coefficient into three individual 
coefficients as follows: 


Cy = C, + C, + AC; (7.20) 
where 


C, — residual coefficient, a function of Froude number (typical 
values of C, for passenger and cargo ships are shown in Table 7.4) 


C 


; = skin friction coefficient for a smooth, flat plate, as computed from 


equation (7.11) or (7.12). 
AC, = allowance for surface roughness (for actual ships AC, = 4 x 107* 
and for models AC, — 0.) 
The values of the residual coefficient given in Table 7.4 are typical. Actual 


values of C, can be obtained only from model or actual ship testing. 
Substituting equation (7.20) in equation (7.19) leads to equation (7.21): 


.— (C C, ACOpr S, 
Py = 





= F, + F, + FA (7.21) 
2g. 
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Table 7.4 Typical Values of C, for Passenger and Cargo Ships 





Froude number Residual coefficient (C,) 
0.15 5.3 х 10 
0.20 7.2 х 107“ 
0.25 8.7 x 107 
0.30 15.3 x 107? 
0.35 20.0 x 1074 


In equation (7.21), F, is the residual drag, F, is the skin friction drag, and F4 
is the drag force allowance for roughness. 

Example 7.9: Ship's Propulsion Efficiency An ocean liner 600 ft long has 
a wetted surface area of 90,000 ft^. It requires 14,000 shaft horsepower to 
drive this ship at 16 knots through 68 F seawater (pg = 64 Ibm/ft", 
jt = 23 x 107° Ibf -s/ft?. Estimate the propulsive efficiency of this ship. 


Solution 
This example is solved by computing the drag force of the ship and compar- 
ing it with the ideal drag. 


fad Tlmit con 
ay M 


`Y 
e LIIL VALLEY 


v= 16 knots x 1.6878 ft/s/knot = 27 ft/s 
P = 14,000 horsepower x 550 = 7.7 x 10° ft Ibf/s 


(b) Froude number 


2 _ _0.943 


F = = 
v«Lg | 600 x 32.17 
(c) Reynolds number 
| pxe 64х 600 х 27 
2 


Re, T oag ír —6 
пе. 23 x 10 





— 1.40 x 10° 





эх 32.17 


(d) Residual coefficient 
From Table 7.5 for F — 0.1943, C, 2 6.98 x 10 ? (by linear interpolation). 
(e) Skin friction coefficient 

0.455 0.455 


= = — = 15.07 x 10 2 7.]2 
l [logo Re] — [ogi(1.40 x 109yJ2 (7.12) 
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(Г) Drag force 
Use Equation (7.21). For ships AC, = 4 x 10°: 
(Cp +O, FAC Se 
Fy = ag Т Т 
ge 
_ (6.98 x 10 + 15.07 x 1074+ 4x 107°} x 64 x 277 x 90.000 
Е 2 x 32.17 





Ғр = 170,000 lbf 


(g) Propulsive efficiency 


Pp — Fpv — 170,000 x 27 = 4.590 x 10° ft - Ibf/s 
power required to overcome drag of ship 








fficiency = l 
efficiency power supplied 


Pp _ 4.590 x 106 


=——=————— 9 
=> 77 x 106 0.596, or 59.60% 


7.10 LIFTING VANES 
Definitions 
In Figure 7.1] the following notation ts used in studies of lifting vanes or 
airfoils: 
« = chord length 
s = span of vane 
` = aspect ratio 
c 
o — angle of attack 


es = characteristic area 


Physical Analysis 


When fluid flows about an object such as a lifting vane whose axis is not 
aligned with the flow, the velocities on either side of the object will have 
different magnitudes. 

With the characteristic area being taken as cs, the product of the chord 
times the span, the drag and lift forces for lifting vanes can be written from 
equations (7.4) and (7.5) as follows: 
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F 
E e F Resultant 
f Л force 







Drag force 


у-» 
Angle of 


Figure 7.11 Notation for lifting vane study. 














~ př A 7 pues 

Fp = Cos = Co (7.19) 
с АР (7.20) 
Ба "28, | 


Although drag and lift coefficients are a function of Mach and Reynolds 
numbers, this section will be limited to the consideration of the “shape” 
effects on a typical lifting vane at constant Reynolds numbers in incompres- 
sible fluids. 

Examination of Figure 7.12 indicates that the velocity is higher on the 
upper side and lower on the underside. The increased velocity of the upper 
side will result in decreased pressures, and the decreased velocities on the 
underside will result in increased pressures. 

Figure 7.13 shows the pressure profile around a lifting vane. Lift is the 
result of these unbalanced pressures acting on the vane. 

While it is possible to determine the lift characteristics by integration of 
the velocity profile for simple objects, actual practice is to develop the lift 
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Figure 7.12. Flow around a lifting vane. 


and drag coefficients from wind tunnel testing. Figure 7.14 shows the results 
of a typical test on a vane. The object is to design a vane to have the 
minimum drag for the maximum lift. Stall is the point where the coefficient 
of hft reaches its maximum and starts to decrease in value with increased 
angle of attack. When stall occurs, there is a marked turbulence in the wake 
and damage can result to machinery employing lifting-type vanes. 


Example 7.10: Power Required for Flight A Boeing 727 airplane has a 
wing span of 145.9 ft and a chord length of 19.8 ft. H weighs 328,000 Ibf 
when loaded and is designed to cruise at 500 knots at an altitude of 
40,000 ft (density of air at 40,000 ft = 0.01889 Ibm/ft^). Estimate the 
power required to drive the airplane at this speed. Assume that the wing 
has the same characteristics as the lifting vane of Figure 7.14. Neglect lift 
and drag of the fuselage. 


CSS 


Figure 7.13 Pressure profile of a lifting vane. 
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Drag coefficient X 100 (Cp), Lift coefficient X 10 (C, ) 





—8° —4° 0% 4% g^ 12° 16° 
Angle of attack (a) 


Figure 7.14 Characteristics of a typical lifting vane. 


Solution 


This example is solved by calculating the lift force. First, calculate the 
coefficient of lift and then calculate the drag force. Required power is com- 
puted from the drag force (the 727’s power must overcome the drag force). 


(a) Unit conversion 


v — 500 knots x 1.6878 f't/s/knot — 844 ft/s 


(b) Fluid properties 
p — 0.01889 Ibm/ft" 
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(c) Lift coefficient 

If the buoyant force of the aircraft is neglected, the lift force is its weight, so 
the required lift coefficient becomes the following: 

2 x 32.17 


M À—————— —— c 0.54 
0.01889 x 844^ x 19.8 x 145.9 26 


2g. 

C, = F, <E = 328,000 
pres 

(7.20) 


(d) Drag coefficient 
From Figure 7.14, Cp = 0.0166 (by linear interpolation). 


(e) Drag force 
Dividing equation (7.19) by equation (7.20) yields the following: 
Е, Ср 328,000 x 0.0166 


Ë, = = 
вос, 0.5426 


— 10,035 Ibf 





(f) Required power 


Pp = Fgo — 10,035 x 844 — 8,469,540 ftIbf/s 
8.469,540 


сер 15400 hp 


horsepower — 


7.11 PROPELLER CHARACTERISTICS 


Consider a propeller rotating in a fixed plane with fluid approaching at a 
velocity of v. The fluid has a density of p, a viscosity of u, and a bulk 
modulus of elasticity of E. The propeller rotates at a speed of N, has a 
diameter of D, and produces a thrust of T for a power input of P. 

An efficient propeller is one in which every cross section of each blade has 
the performance characteristics of a well-designed lifting vane. Figure 7.15 
shows a cross section of a propeller blade at radius r. Fhe study and analysis 
of propeller performance and design is called blade element theory. 

The thrust force for a propeller is defined as follows: 

472 
rac PN? (7.21) 
Bg. 
C, in equation (7.21) is known as the thrust coefficient. 
The power input to a propeller is expressed as follows: 


DN? p 
g. 


P= C, (7.22) 
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Figure 7.15 Propeller blade. 


The velocity ratio V when applied to propellers is called the advance- 
diameter ratio because 1t is the distance (V/N) that the propeller could 
advance in the fluid per revolution divided by the diameter. 

The efficiency 7 of a propeller is defined as the useful power divided by 
the power input. The useful power is defined as7v, the thrust by equation 
(7.21) as Cr D'N^p/g., and the power input from equation (7.22) as 
CpD^ N^ p/g,. Therefore, the efficiency is expressed as follows: 


. useful power (Cr D! N^ p/g. v — Cre СҮРУ 
7- power input  CpD°N?p/ge CpND Cp 





(7.23) 


Example 7.11: Maximum Propeller Efficiency A 9-ft-diameter propeller, 
which has the performance characteristics given in Figure 7.16, rotates at 
a speed of 22 rps at an altitude of 20,000 ft (p = 0.04079 т/б). Deter- 
mine for maximum propeller efficiency: (a) air speed, (b) available thrust, 
and (c) power required to drive propelier. 


Solution 


This example is solved by obtaining the advance diameter ratio from Figure 
7.16 for maximum efficiency and calculating the required data. 


(a) Fluid properties 
p = 0.04079 Ibm/ft 
(b) Advance diameter ratio for maximum efficiency 


From Figure 7.16, maximum efficiency occurs at. V — 0.7. At this point 
Су = 0.053, Ср = 0.051, апа у = 0.73. 
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0.16 
| V | Cr | G | n 
|0 |ол10|0077|0 | 


Thrust coefficient (Cr), Powsr coefficient (C, ) 












©, 


0.2 


0.8 1.0 


0.4 0.8 
Advance-diameter ratio IV — V/ND) 
Figure 7.16 Characteristics of a typical propeller. 
(c) Air speed 

v = VDN = 0.7 x 9 x 22 = 138.6 ft/s 
(d) Thrust 


рам? 9*22?0.04079 
T = C, E P 0.0532 22 0.04079 0 — 213.4 Ibf (7.21) 
g. 32.17 
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(e) Power input 


DA 932270.04079 
Ё 50.051 — — 40.659 ft-lbf 





P = Ср 


40.659 
P= = 73.93 
550-2931 
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(7.22) 


8 


Unsteady Flow 


8.1 INTRODUCTION 


This chapter considers unsteady-state phenomena applied to some impor- 
tant Bete nee тым! сы лыы onah ee ителе, Aaa te alagad чур Дав 
Ісі нікі WE арриаи‹лиі», эч do ULI UO CHA y HOW 111 IU SCUI. RAFT UO, 
velocity of pressure waves in clastic pipes, water hammer, and time to 
change tank levels. 

Although examples ure solved in USCS units only, the equations are struc- 
tured so that SI units may also be used. 


8.2 BACKGROUND 


This chapter covers only a few facets of unsteady flow. For further informa- 
tion on this subject, the reader is referred to Rich (1963), a highly recom- 
mended source. 


8.33 EOUATION OF MOTION 
Velocity and Acceleration 


In the most general case of fluid motion. the resultant fluid velocity. U. 
along a streamline is a function of both distance s and time t: 
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U = f(s, I) 
The Aiffearential Farm af th rolatianehin ieowriftten ac eniiatian (Q 1): 
inc airicreniiar rorm Oi iñis Pe1a@tiOnsnip i5 Written as equation (5.1: 
д0 QU 
dU — — ds -- — dt (8.1) 
Os or 


An expression for acceleration (e) may be obtained by dividing equation 
(8.1) by dt and noting that U — ds/dt: 
dU Uds 904 QU | oU 
"d шй йй Os r 
For steady flow, aU /dt = 0. 


(8.2) 


Fluid Forces 


Consider the fluid element flowing in the streamtube shown in Figure 8.1. 
This element has a length of dL, an area normal to the motion of gA. and a 
perimeter of dP. The elemental mass is p dA dL. The increase in elevation of 
this mass is dz, and the motion of the element is upward. 

Forces tending to change the velocity U of this fluid mass are as follows: 


l. Pressure forces on the ends of the element: 


д, Әр 
dF, = p dA — (» + T aL) dA — _ dL dA (8.3) 
“ GL. / Gi 
2. Gravity force duc to the component of weight in the direction of 
motion: 





pgdAdL 


9% 


Figure 8.1 Elements of a streamtube. 
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pg dA dL (=) pg dA dz 
IF, = — = | — | = >> 
dF, z. ат, (8.4) 
3. Friction force on the outer surface of the element: 
dF, — —t dP dL (8.5) 
4. The combined force becomes the following: 
z dA dz 
y aF = т аА ap, — 0894 арада. 
Sc 
- (8.6) 
_ s nm Өріс тар = 
5. аА 


Newton s Second Law of Motion 


Newton's second law of motion was first presented as equation (1.12). It 
is rewritten here as equation (8.7): 


- та  pdA dL oU | aU 
JF=— = — — | | 
> dF 2 е (с T + x) (8.7) 


Equating equation (8.6) and equation (8.7) yields the following: 
QUID , , 0g dz t dPdLY. pdA dL (,,0U И әс” 








O NL g я / g VL a) CMM 
Simplifying equation (8.8) results in equation (8.9): 
dL dL Ә 90 та {ар 

dz + — — | YU — + — 0 8.9 

" Le) T ( x) p (2)- (8.9) 


The length of the element does not change with either time or distance, so 
(3p/3L) — (dp/dL), (8U/8L) — (dU /dL), and (dA/dP) — R,. the hydraulic 
radius. Substituting these relations in equation (8.9) and simplifying results 
in equation (8.10): 














‚ар (ау «(әсі | c dL 
£ gZ TZ) cg (8.10) 
& p Re Бе X OL DAS), 


8.4 ONE-DIMENSIONAL EQUATION OF MOTION 


When the flow is one-dimensional, v = U. Substituting v for U in equation 
(8.t0) gives the following expression: 
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(8.11) 





or 


` ^ 





5 da dp v do à DL (7) t dL =O 
2. о & ge PR, 


Equation (8.11) may be arranged in Bernoulli form by multiplying it by 2,./g 
and noting from equation (1.14) that y — pg/g,: 


d lo dL fð dL 
d: P LET. СЕ =0 (8.12) 
y g g Xàt yR, 


Integrating equation (8.12) for an incompressible fluid (y, = y2) leads to the 
following: 


7 з 3 > 
` — өз-аз | [7 fav l - 
a te есир G DE Ji rdb=0 (8413) 
4 l 1 l 


] 2 

H, = J t dL (8.14) 
үк, 1 

where H, is the head “lost” due to friction. Substituting this expression into 

equation (8.13) yields the one-dimensional time-dependent equation of 

motion: 


_ wow Ll fae 
25 — 2 LP Рі L0 vy +f (z aL) т = o (8.15) 
y 2g ЕЛ Хд 


Note that when 20/01 = 0 (вісайду Пом). едиапол (8.15) гейксев to equation 
(8.1). 




















8.5 UNSTEADY INCOMPRESSIBLE FLOW IN CLOSED 
CONDUITS 


For flow in pipes the acceleration term of equation (8.15) may be integrated 
by noting that the length of the pipe, L. is not a function of either velocity or 
time and that w/ðt becomes dv/dt. Integrating the acceleration term of 
equation (8.15), changing the notation, and rearranging the terms produces 
the following: 


15 Us L du 
ИЕ ЕРЕН ББ Ln, (8.16) 
y 2% y 2 gdi 


For an incompressible fluid in a constant-area conduit, vy = 1, From equa- 
tion (4.3), the friction head loss term, H; = Y^ Kv^/2g, so equation (8.16) 
may now be written as follows: 
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p: L dv p 
tn y^ =>] +—— + K — (8.17) 


2 dt Әс 
-5 


In equation 10. X K is the sum of the resistance coefficients of thc pipe. 


8.6 ESTABLISHMENT OF STEADY FLOW 


Figure 8.2 shows a pipe of length £L connected to a reservoir or some other 
limitless source of an incompressible fluid supplying a constant head of H. 
At the start of the process, the valve at the end of the pipe is closed. The 
valve is then suddenly opened and liquid begins to flow. The frictional 
resistance of the pipe is $^. K. The time required to establish steady flow 
may be determined as follows. 

Considering section | to be at the liquid surface and section 2 to be at the 
valve discharge (both under atmospheric pressure), then p, — p», and 


H =z- z. For this situation. equation (8.17) reduces to the following: 
L dv { 
нук ош fans рж: (8.18) 
g dt 2g v 
H-5 K 


For steady flow, dv/dt — 0. Rearranging equation (8.18) m the follow- 


ma: 


is, 


Up _ Y K H 
K — = > 8.19 
H — à K; or 22 7: ( ) 








Figure 8.2. Notation for establishment of flow. 
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Substituting equation (8.19) in equation (8.18) and simplifying yields the 
following: 


í Lf du Liy dv Бар Ur d V 
й=— | ———= > SH l= log, 
0 & Jo wo gH Ју тр = 2gH Up — 1 


H - H— 
1 











(8.20) 
Mathematically, the time required for o, to equal v is infinity. 


Example 8.1: Time to Establish Flow Water is to be discharged from a 
tank through a piping system into the atmosphere under a constant head 
of 20 feet. Valves, fittings, and pipe in the system have a combined resis- 
tance coefficient ($* K) of 62. After a valve is suddenly opened to permit 
flow, how much time will it take to attain 90% of the final velocity? 
Solution 

This example is solved by calculating the final velocity using equation (8.19) 
and the time from equation (8.20). 


(a) Final (steady-state) velocity: 
2g H 2 x 32.17 x 20 . 
"к= PII ЈС = 456 ft/s (8.19) 
үй y 62 


(b) Time to establish 90% of flow: 


r= Lo, lop vm UY — 2000 x 4.56 o 4.56 4- 0.9 x 4.46 
COH OA ~2x32.17x20 4.56 — 0.9 x 4.46 








) — 20.87 s 


UF — 1) 


(8.20) 


8.7 VELOCITY OF PRESSURE WAVES IN PIPES 


In Section 1.6.2, the acoustic velocity of a fluid was derived assuming the 


pipe to rigid. This analysis resulted in equation (1.57): 


E 
с [28 (1.57) 
p 


Pressure in an elastic pipe causes the pipe walls to stretch, and a combined 
modulus of elasticity E, is needed to account for the volume change of both 
the fluid and the pipe. The change in volume is expressed in equation (8.21): 


Unsteady Flow 297 
Фо = Фота + AU nine (8.21) 


The combined modulus may be expressed as follows: 


doo do (ode (de (8.22) 
Е, v dp v dpJ aua v dp pipe 


The first right-hand term of equation (8.22) is 1/E,. 

From the mechanics of materials, Young's modulus of elasticity is 
defined as E, — unit stress/unit strain. Applying this concept to the circum- 
ferential stress in a thin-walled cylinder gives a unit stress of r dp/t,.. If the 
circumference is stretched by the amount d/, the increment of unit deforma- 
tion is dI/2zr. Further, d/ — 2x dr. From these relations, the following can 
be written: 





unit stress 





E. = ————————— 
unit strain 
4 
__ F ар/1, — F ар/һ, — r dp (8 23) 
Afar | 2x dr/2mr — t, dr 
ЕЧ dr 
dp = —— 
l 2 
! 
Tha valima af the mime ас L — u-— and the increece im volum: ie 
A liv YIII ^1 ым к у F — ¿Lf і,, аш Ail ЗЛ м4 ЗМ ізі Yura Law із 


dV = 2zr dr L. Substituting for dv, v, and dp from equation (8.23) in the 
second right-hand term of equation (8.22) results in the following: 








( dv ) _ 2mr dr L 2r D (8.24) 
pipe 


^v dp (RPL Eyt, dr L/P) Ел. Еш, 


Equation (8.22) may now be written as follows: 


Quilhatrituifino EO fram 
ОН ОЗАН rv. 


following: 





ge | 
p (EE) (8.25) 


In this equation c, is the velocity of a pressure wave in an elastic pipe. Table 
8.1 shows the values of E, and E, for selected substances. 
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Table 8.1 Modulus of Elasticity for Selected Substances at 68 F (20°C) 


Young's modulus of elasticity, E, 


solid Ibf/in.? GPa 
Aluminum 10,000,000 69 
Brass 15,000,000 103 
Bronze 16,000,000 110 
Cast iron, gray 10,000,000 69 
Cast iron, malleable 24,000,000 165 
Concrete 4,000,000 28 
Magnesium 7,000,000 48 
Monel 26,000.000 179 
Nylon 300,000 2 
Polystyrene 450.000 3 
Steel 29.000.000 200 
Steel, stainless 28,000,000 193 
Titanium 17.000,000 117 





Bulk modulus of elasticity, ÉE. 





Liquid Ibf/in.? GPa 
Benzene 223.000 1.54 
Carbon tetrachloride 204,000 1.41 
Ethanol 155,000 1,07 
Glycerin 676,000 4.66 
Mercury 4,150,000 28.61 
Octane, normal 145,000 1.00 


Water 318,000 2.19 


Example 8.2: Velocity of a Pressure Wave Water at 68°F flows in a 10- 
in. schedule 40 steel pipe. Estimate the velocity of a sound wave, assuming 
(1) the pipe to be rigid, and (2) the pipe to be clastic. 


Solution 


This example is solved by using equation (1.57) to determine part (1) and 
equation (8.25) for part (2). 


(a) Substance properties 
Water at 68°F: From Table D.1, о = 62.31 Ibf/ft; from Table 8.1, E, = 
318,000 Ibf/ft". 
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Steel at 68°F: From Table 8.1, E, = 29,000,000 Ibf/ft^. 
(b) Pipe properties 
From Table C.3 for 10-in. schedule 40 steep pipe: 

d = 0.8350 x 12 2 10.02 in., 1,, — 0.365 in. 


Part 1: Rigid pipe 


E.g. (318,000 x 1144) x 32.17 
. DE = ma Ma ft/s 
‹ | Р d 623] 4.862 ft/s 


Part 2: Elastic pipe 








= E, ) 

с, == — | —  —ə əƏs —Ü, n Oo—Ü Ü  Ə. b _ 

” ”үрДІЗ-Е/ЕДР/ь,) 

o= [A(n (8.25) 
P ҮЗ 62.31/ДІ--(318,000/29,000,000)(10.02/0.365) 


c, — 4,263 ft/s 


8.8 WATER HAMMER 


Water hammer is a series of shocks sounding like hammer blows that is 
produced by suddenly reducing the flow of a fluid in a pipe or conduit. 
Water hammer can be dangerous, causing pipes to burst. 

Consider an incompressible fluid flowing with à velocity v in the elastic 
pipe shown in Figure 8.3. The valve, which is located at distance L from the 
pipe entrance, is suddenly closed, reducing the velocity from v» to 0. The 
pressure wave produced by this sudden closure has a velocity of c, traveling 
upstream in the opposite direction of v, In a short interval of time, df. an 
element of fluid c, dt is brought to rest. Application of the impulse-momen- 
tum concept yields equation (8.26): 

m «dv (pAc, dt) dv 
= pA —[pA — (p + dp)A]dt 2 —— 


C Sc 











or 
Ос, av 
Ee 


Integrating equation (8.26) leads to an expression for the increase in pres- 
sure due to the sudden closing of the valve: 


—4р = (8.26) 
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Pressure Wave -- сый | 


Valva 
Area 





pA (p +dp)A 


= 


Figure 8.3 Notation for water hammer study. 








Рин С, ) Cyt 
І dp — -f Ф = рун = P (8.27) 
0 Ee r Sc 


Рин is the increase in pressure duc to the sudden closing of the valve. 


Time of Valve Closure 


= (8.28) 


Herc, f, is the critical time for the valve to close. If the valve is closed in time 
1. or less, it may be considered to be a sudden closure and produces an 
increase of pressure py; as calculated by equation (8.27). If the time of 
closure is greater than ¢,, then it 1s called a s/ow closure. The approximate 
pressure rise due to slow closure may be estimated using the following: 


і QL/c,) (2) € 2Lpv 


pse = рии = (8.29) 


о 


! 
. ы 7 


іс 

Ig, 
In this equation, psc is the increase in pressure due to the slow closing of the 
valve. 


Example 8.3: Pressure Rise Due ta Water Hammer Water flows at 68°F 
in a 3-in. schedule 40 steel pipe with a velocity of 10 ft/s. A valve located 
200 ft downstream is closed in (1) 1/20 second, (2) 10 seconds. Estimate 
the pressure rise in the pipe. 
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Solution 


This example is solved by caiculating the critical time of closure using equa- 
tion (8.28). The pressure rise is then calculated using equation (8.27) or 
equation (8.29) as appropriate. 


(a) Substance properties 

Water at 68 F: From Table D.l, p — 62.31 Ibf/ft; from Table 8.1, E, — 
318,000 Ibf/ft^. 

Steel at 68°F: From Table 8.1, E, — 29,000,000 Ibf/ft". 


(b) Pipe properties 
From Table C.3 for 3-in. schedule 40 steel pipe: 


D = 0.2557 x 12 = 3.0684 in., — 1,— 0.365 in. 


(c) Velocity of the pressure wave 





с 
"7 Bu EJE WD/ tx) 














318,000 x 144 ) (8.25) 
1 + (318,000/29,000,000)(3.068/0.216) 


(ез) 


ү ` a `x 


c, = 4.523 ft/s 


” 


(d) Critical time for valve closure 


L 2x20 ] 
I _ 2b x 0_ 1. (8.28) 


^ c, 459233 1] 





Part |: Closure time is 1/20 second, which is less than the 1/11 second just 
calculated: 


бор 67 11 4573 x 1 
Ал... Д-т. - €. 


| Вер! _ 2 LU 





— 87,606 Ibf/ft^/144 = 608 psi (8.27) 


Part 2: Closure time is 10 seconds, which is greater than the 1/11 second just 
calculated: 


_ 2Lpv _ 2x200 x 62.31 x 10 775 Г/С 


= EPL 2х 200 X 623 NO — 5.38 psi 29 
Рус ag 10 x 32.17 144 538 psi (8.29) 
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Example 8.4: Forces on an Air Duct Air at 77 F flows with a velocity of 
20 ft/s through a 5-ft square t-in.-thick aluminum metal ventilation duct. 
The flow is suddenly stopped by control devices. Estimate the force pro- 
duced on the 5-ft x 5-ft area of closure. 


Solution 


This example is solved by considering air to be incompressible at standard 
atmospheric pressure, The temperature of 77°F is close enough to 68 F to 
permit the use of Table 8.1 for Young's modulus E, for aluminum. The 
force is then calculated using equation (8.27). | 


(a) Substance properties 
Air at 77 F and 14.696 psia: From Table DI, M — 28.97 Ibm/Ibmole: 


Op 144 x 14.696 
ART (1545/28.97) x (77 + 460) 





p = 0.07398 Ibm/ft' (1.39) 


From Table D.2, & = 1.401: 
E, = kp = 1.401 x (14.696 x 144) — 2,965 Ibf /in.? 


Aluminum at 68°F: From Table 8.1, E, = 10,000,000 Ibf/in.". 
(b) Duct properties 
From Table C.2 for a square duct flowing full: 


A—-D-—5x5-25ft 


D, = 4R, = 5 x 12 — 60 in.. = те In. 


(c) Velocity of the pressure wave 


enfer 
"o Yo +(E/EJ(D/t,) 


200 [f 3247 Vf 2965 Y (8.25) 
"P = V V0.07398 V1 4- (2965/10,000,000)(60/(1/16)]] 


c, = 1,002 ft/s 


(d) Pressure increase 


O POE 0.07398 x 1002 x 20 


o 2 





í 





g 


Figure 7.7 Notation for Example 7.4. 


(b) Properties of the sphere 


D = мн = 0.005 ft 


2 
y 7 


6 


(c) Drag force 
Fp = iru De 
(d) Buoyant force 
Fp — Ya JF 
(e) Gravity force 


, 


Р лу! 


(Г) Frec body 


у F-=0= Fy-— F, — F, = Fy — Fe + Fp 
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Substituting the force equations into the free-body equation and solving for 


i. results in the following: 
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qz 
PrAyv, = a(S di 2) + p: A| 


For a liquid, o; 2 pọ = p and Q = Av; the conservation of mass statement 
becomes: 


dz A dz 
Qn =A +Q or f 4- f — (8.30) 
ІП out 


Tanks of Uniform Cross Section 


Figure 8.5 shows a tank of uniform cross section A being supplied at the rate 
of Qi, and drained by a piping system whose internal diameter is D. The 
piping system has a total resistance coefficient of > ` K. 


Supply 
Pipa 


Liquid Surfaca 





Y 
D 


Drain 
Pipe 


22% 


ut 


Figure 8.8 Tank of uniform cross section. 
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Apphcation of pressure -height relations, equation (2.6), with energy loss, 


equation (4.1), and the definition of resistance coefficient. equation (4.3). 
results in the following: 


Ар sog E 
----- Н,-- K ==> or v= VI 8.31 
p rd 2g,  g, EK CT) 


The volumetric flow rate Q through the pipe from the continuity equation 
= Ar; substituting this into equation (8.31) produces the following: 





2g- 
> K 


Solving equation (8.32) for z yields the following: 


-s( A87. MES Jari) Gas (8.33) 


gr^ D' 


(8.32) 





лр? 
= Ат = — — 
Qu 4 


" 


Differentiating equation (8.33) yields the following: 


de = 16( 57) Qou 40м (8.34) 
Substituting equation (8.34) in equation (8.30) gives the following expres- 
sion: 


f dt — 16 > K Cours Qua АО мп 
Ц 


= — 2 (8.35) 
gr D^ Qui Он - Оош 


Integrating equation (8.35) yields the desired equation for time to lower the 
level in a tank: 


169^ K | ‚ 
h= h = == fon log, Er дел!) + Qul T Qo] (8.36) 


Example 8.5: Time to Lower the Level in Tank with Inflow | An open cy- 
lindrical tank 6 ft in diameter is filled with water to a depth of 10 ft. A 4- 
in. internal diameter piping system is located at the bottom of the tank. 
The combined resistance coefficient of the piping system 15 У` К = 2.69, А 
pipe at the top of the tank supplies water at the rate of | ft*/s. Determine 
(I) the time to lower the level by 2 ft and (2) the minimum height of the 
tank required to prevent overflow. 
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Solution 


This example is soived by application of equation (8.36) for the time to 
change tank levels. The level to prevent overflow is achieved once steady- 
state conditions are achieved. 

Part 1: Time to lower level from 10 ft to 8 ft: 


лр? |282 жазу [2x 32.17 4 ua 
= | = ——./— — “ = 0.4268: ““ .32 
ou =~] УК 4 2.69 9 (8.32) 


Qowi = 0.4268 x (10) = 1.350 ft/s 
Оош2 = 0.4268 x (8)? = 1.207 ft /s 


l65 ° K Qn — Qui 
h-t = gr^ pi (о, о, (9% o "mm + Qowi т Qou2 
l 2.69 x 28.9 — 1. 
h-i = 6x26 x ! | x 10g (; san) + 1350 — 1.207] 


—— ов = 
32.17 x m2 x (4/12)! Б\Т 1.207 
= 207 s (8.36) 


Part (2): Minimum tank height to prevent overflow: 


Ом = Ош = 1 = 0.426827, == 5.49 ft 


8.10 TIME TO CHANGE TANK LEVELS WITHOUT INFLOW 


If there is no inflow, then Qi, = 0 and equation (8.36) reduces to the follow- 
ing: 


16У: К 


б = = n ел2 


(Qoui — Оси) (8.37) 
Substituting equation (8.32) in equation (8.37) yields the following: 


Sr eel? 


h — h = —— zy") (8.38) 
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Example 8.6: Time to Discharge a Quantity of Liquid from a Tank The 
tank shown in Figure 8.6 has a uniform internal diameter of 20 ft and is 
filled with 200,000 gallons of a liquid. The drain piping is located on a 
centerline 3 ft above the bottom of the tank and consists of 4-in. schedule 
40 steel pipe containing a sharp-edged inlet, one flanged globe valve 
(К, == 6.45), and one flanged 90° standard elbow (Ky — 0.49). The length 
of straight pipe is negligible. Estimate the time required to drain 50,000 
gallons from the tank. 


Solution 


This example is solved by the application equation (8.38) and the theory 
presented in Chapter 4. 


(a) Pipe properties 
From Table C.3 for schedule 40 steel pipe: 


D — 0.3355 ft 
From Table 4.4 for sharp-edged inlet: K; — 0.5: 
Exit: K,—1.0 


The total pipe resistance coefficient is: 


.L Kk -NS 
T he ZVA 


L645 L0 AO : 
т" 0.92 т ч.7 Т.А б. 


Ma, 
e 
I 
- 
L 
+ 
іш 
” 
+ 
- 
” 
- 


Initial Tank Level 


Final Tank Level 





Figure 8.6 Notation for Example 8.6. 
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(b) Tank properties 
D+ 20° 
А = zu = T x 4 


V, — 200,000 gallons x 0.133680 cubic feet/gallon — 26,736 ft 


= 14.16 ft? 





Initial depth of liquid in tank: 


— 85.10 ft 





ы. 
tod 
+ 


16 
5.10 — 3.00 = 82.10 ft 


l 
z ( = Z; — 2, = Š 
Final depth of liquid in tank: 


. 200,000 — 50,000 
VT 200,000 
Z3 = 2; — 2, = 63.83 — 3.00 = 60.83 ft 


x 85.10 = 63.83 ft 


(c) Time to remove 50,000 gallons: 


ay А oo т” 
oA 2 (uoo MS 
DPV 2g `! 72 


8 x 314.16 8.44 1/2 1/2 
by = m — ово 10772 — 60.832) — 3,274 « 
2-1 —X3x033589 V2x 3317. )- 5,2748 





= ц = 


(8.38) 


REFERENCE 
Rich, G. R., Hydraulics Transients, Dover Publications, New York, N.Y.. 


1062 
1702. 
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Conversion Factors 


Universal pas constant 


Length 


Mass 


Volume 


Force 


Pressure 


— — 


— — — — — 


km 
fi 
mi 
kg 
ibm 


= 1545 ft-lbf/(Ib-mol)( R) = 8314 J/(kg ток) 

= 0.08205 L-atm/(g-mol}(K) =: 0.08314 bar-m'/(kg-mol)(K) 
= 1.986 Btu/(ib-mol( R) 2 0.730 atm-ft' /(Ib-moly( R) 
10.73 psia-ft /(Ib-mol)( R) 


= 100 em = 1000 mm = 10° microns (jm) 
= 39.37 in. = 3.2808 ft = 0.0006214 mi 

= ().6215 mi = 3281 ft 

12 in. = 30.48 em 

= $280 f1 


1000 g = 0.001] metric ton =: 2.205 Ibm 
453.503 g = 0.453593 kg = 5 x 107 ton 


1000 liters = 10° em* = 10° ml 

35.3145 fi! — 220.83 imperial gallons — 264.17 gallons 
— 1728 in? — 7.4805 gallons 2 0.028317 m' 

28.317 liters 

16.387 em’ 


II 


= ] kg m/s" = 0.22481 Ibf 
— 32.174 Ibm-ft/s? — 4.4482 N 


— 2.036 in. Hg at 32 F 
— 0.0334 atm = 0.491 Ibf/in". 

14.696 Ibf/in." 2 760 mm Hg at 32 F — 101.325 kPa 
0.9869 atm = 105 N/m* = 100 kPa 

— | mm Hg at 0 C — 1.933 x 10—2 psi 
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Density 


Energy 


Power 


Velocity 
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lbm/ft! = = 0.01602 g/cm’ 


gem? = | kg/l = 62.4 Ilbm/ft' = 10! kg/m' 
Btu = 778.16 ft-lbf = 252.16 cal = 1055 J 

J = | Nem = 0.7375 ft-Ibf 

Btullbm = 2.32 kJ/kg 

kJ ‘kg = 0.431-Btu/Ibm 

w = l J/s = 860.42 cal/hr = 3.413 Btu/hr 
kW = 1.3405 hp = 737.3 ft-lbf/s 

hp = 746 W = 550 ft-lbf/s = 2545 Btu/hr 


m;s 


i 


2.237 mi/hr = 3.60 km/hr = 3.281 ft/s 
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Pipe Schedules 


Recommended Piping Design Equations 


The American National Standard (ANSI/ASME B.31.1) Code for Pressure 
Piping recommends the following equation to determine pipe thickness as a 
function of allowable stress and fluid pressure: 


р _ 20» m A,) 
S, Е D, — 2¥ (ty — Aj) (B.D 
where 


p = difference between internal and external pressures 
S, — allowable stress 
D, — pipe outer diameter 
Ia = minimum wall thickness 
A, = additional wall thickness required to compensate for material 
removed in threading, grooving, etc. 
r = correction factor for materia] and temperature 
For service at and below 900°F (482°C), the standard recommends y = 0.4. 
Substituting this value of + into equation (B.1) yields the following: 
20 — Aj) 


= T < 900°F B.2 
D, — 0.8(f,, — A, SE (B.2) 


usi 
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Piping Schedules 


ANSI B36.10—1970 assigned schedule numbers to pipe sizes in use. 
Schedule numbers are based on an allowance of 0.1 for A,, v — 0, and 
la = 7¢,/8, where t, is the schedule thickness (the 7/8 factor allows for a 
12.5% variation in wall thickness). Substituting these values into equation 
(B.2) results in the following: 





poo 208/8-00 2 м, 
S, D,—0(7,/8—0.1) 1000 

or 
N. = 1000p (B.3) 


Su 


In equation (B.3). N, is the schedule number. 

The relationship of equation (B.3) is very approximate due to the round- 
ing off of existing sizes. The schedule number calculated with equation (B.3) 
gives a conservative value. Before pipe design thickness calculations are 
performed. the appropriate ANSI standard should a/ways be consulted. 
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Properties of Areas, Pipes, and Tubing 


Table C.I 
Table C.2 


Table C.3 
Tabic С.4 
Table C.5 
Table C.6 


Properties of Areas 

Values of Flow Areas 4 and Hydraulic Radius A; lor Various 
Cross Sections 

Properties of Wrought Stcel and Stainless Steel Pipe 
Properties of 250-psi Cast Iron Pipe 

Properties of Seamless Copper Water Tube 

Allowable Stress Values for Selected Piping Materials 
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Table C.1 Properties of Areas 
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QUARTER CIRCLE 


HALF ELLIPSE 
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Table C.1 Properties of Areas (Continued) 
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Table C.2 Values of Flow Areas A and Hydraulic Radius R, for Various 
Cross Sections 





CROSS SECTIONS 


CONDITION EQUATIONS 


Ry, E1 * (1808in 8)/(78)] (DIA) 

















A == [m (360 — 8) -- 180 sin 6] (D*/1440) 







сов” (0/2) € (2AID — 1) 
0.5 « AJJD « 1 
A/D = 0 8128 A = 0 6839 D: R, max = 0 30430 


cos (8/2) -(1- 24/0) 





0 « A/D « 0.5 A = [wë — 180 sin 8} (D1440) 






В, = [1 — (180 sin 8) /{7 0) 1 (D14) 
A=bD R, = bDI2(b + D) 
Square b = D А = рі R, 7 DIA 


A= bh R, = bh/(2h + b) 
А = 54/2 R, max = h/2 

R, -* h (wide shallow stream) 
R, max = h/2 

A = [b + Yah (cota + cot BJA 
R, = AI[b + Мсовес а + совес В) ] 


һ 1 = 26° 34’ A= (b+ 2h)A 
a 2 а R, = (Ь + 2А)А(Ь + 4.472А) 


A = (b + 1.132h)h 
Ry (b+ LIZA) AI (6 + 4h) 


А = (6 + 1.5А)А 
Ra = (b + 1.5h)h/(b + 3.608h) 
hoy A= (b+ h)À 
a R, = (b + h)h/(b + 2.828h) 
h 3 Lamas | A= (b + 0.6667h)h 
h A == (b + 0.5774h)h 
R, == (b + 0.5774h)h/(b + 2.309A) 








































Өш R 


45 
60 А == 0.5774А! a = 0.25004 
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Table C.3 Properties of Wrought Steel and Stainless Steel Pipe 








Nominal 
Pipe 


80 
80 
3 






105 
405 
805 
105 
405 






805 
105 
/8 0.675| 17.15| 40 | 405 
80 | 805 
55 
105 
1/2 0.840] 21.34| 40 | 405 
80 | 805 
160 
55 
105 
3/4 1.050| 26.67| 40 | 405 
80 | 805 
160 
55 
105 
1.315| 33.41| 40 | 40S 
80 | 80S 
160 


















аы | F square square | Roughness | Friction Reynolds 
mm feet mm feet meters eD Factor Number 
0.049 1.24|0.02558| 7.798| 5.140E-04| 4.776E-05| 5.863€.03| 0.03189 546,000 
STD | 0.068 1.73| 0.02242| 6.833| 3.947E-04| 3.667E-05| 6.691E-03! 0.03323 478,000 
XS 0.095 2.41|0.01792, 5.461| 2.521E-04| 2.349E-05| 8.372t-03| 0.03572 382,000 
0.065 1.65| 0.03417| 10.414| 9.168E-04| 8.518E-05| 4.390E-03| 0.02921 729,000 
STD | 0.088 2.24) 0.03033) 29.246| 7.227E-04| 6.714E-05| 4.945E-03| 0.03027 647,000 
25 0.119 3.02| 0.02517! 7.671| 4.974E-04j 4.621E-05| 5.960E-03| 0.03205 537,000 
0.065 1.65) 0.04542) 13.84| 1.620Е-03| 1.505E-04| 3.3083E-03| 0.02689 969,000 
STD | 0.091 2.31| 0.04108] 12.52] 1.326Е-03! 1.232Е-04| 3.651Е-02| 0.02767 876,000 
XS | 0.126 3.20| 0.03525| 10.74| 9.759E-04| g.066E-05| 4.255E-03| 0.02894 
. 8.03| 0.002749| 0.0002554 - 
17.12) 0.002478} 0.0002302 
0.002110; 0.0001960 
0.001626} 0.0001511 


0.001174 





0.004616 
0.004262 
0.003703 


















Outside Diamete Schedule* |Wall_Thickness|internal Diameter, — Flow Area | 


0.0001091 
0.00003218 
0.0004289 
0.0003960 
0.0003440 
0.C002790 
0.0001898 
0.0000954 
0.0007115 
0.0006098 
0.0005576 
0.0004641 
0.0003366 
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Relative 







For Complete Turbulence 
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Nominal Relative 
Pipe esL HP square square | Roughness | Friction | Reynolds 
Size in. mm feet feet meters Number 
. 0.001186| 1. - . 
0.001054 - 
0.0009650 
0.0008276 
0.0006818 
0.0004068 
0.001587 
0.001434 
0.001313 
0 001140 
0.0009071 


0.0006131 
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Table C.3 Properties of Wrought Steel and Stainless Steel Pipe (Continued; 
vol lOutside Diamete Schedule’ __|Wali_ Thickness 


Pipe square square 
Size in. ЕШ mm feet feet meters 


0.005632 
55 . . . . . 0.005385 
88.90| 40 | 405 ` . ` . . 0.004769 
80 | 805 . . . . . 0.004261 
160 . . . . . . 
5S 
3-1/2 4.000 105 
40 | 405 
80 | 805 


55 
105 

114.3 
ее 






















Relative |For Complete Turbulence | 


Roughness | Friction Reynolds 
Factor Number 








"T 


о 
4 
o 





ЖЕР; 
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Nominal 
Pipe 
Size in. 


Outside Diamete Schedule’ _|Wall_Thickness|internal Diameter Flow Area — | 


square square 
mm feet mm feet meters 


Relative 
Roughness 


О 


Friction 
Factor 


Reynolds 
Number 
11,390,000 
11,300,000 
10,780,000 
10,240,000 


14,950,000 
14,810,000 
14,440,000 
14,350,000 
14,190,000 
13,890,000 
13,560,000 
13,220,000 
12,780,000 
12,450,000 
12,220,000 
12,110,000 
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Table C.3 Properties of Wrought Steel and Stainless Steel Pipe (Continued, 















Nominal Ей ЕЧ Schedule* Wall Thickness 


Pipe square square 
Size in. E feet mm feet meters 


55 | 55 
105 | 105 
40S. | STD 
10.750| 273.1 
805 | XS 
55 
105 
405 |(STD) 
12.750 80S | XS 
xS 
160 


Relative |For Complete Turbulence 


Reynolds 
Number 

18,630,000 
18,520,000 
18,220,000 
18,020,000 
17,810,000 
17,330,000; 
17,330,000 
17,000,000 
16,560,000 
16,110,000 
15,560,000 
15,110,000 
22,190,000 
22,080,000 
21,780,000] 
21,580,000 
21,330,000 
21,220,000 
20,890,000: 
20,670,000 

20,220,000 
19,670,000 
19,110,000. 
18,670,000 
18,000,000 
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НІП 
- + 


Nominal Em d Schedule" — [Wall Thickness/Internal Diamete. 


Pipe square Square 
Size in. ЕЕ feet mm feet meters 


ғ 
кә 
ы 





Relative [For [For Complete Turbulence | Turbulence 
























27,860,000 
27,780,000 
27,560,000 
27,340,000 
27,110,000 
26,670,000 
26,110,000 
25,450,000 
24,780,000 
24,110,000 
23,340,000 
22,780,000 
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Table C.3 Properties of Wrought Steel and Stainless Steel Pipe (Continued; 
Nominal[Outside Diameter] ^ Schedule* ^ [Wall Thickness Relative |For Complete Turbulence | 


Pipe Square Square Roughness | Friction Reynolds 
Size in. reer ‘eet meters eD Factor Number 


.019E-04 

. . . . . . .021E-04 
. . . . . . .029E-04 
. . . . . . .036E-04 
. . . . . . .043E-04 
. . . . . .051E-04 
. . . . . . .059E-04 
18.000] 457.2 . . . . . . .067E-04 
` . . . . . .091E-04 
. . . . . . .116E-04 
. . . . . . .147E-04 
. . . . . . .180E-04 
. . . . . . .210E-04 





20.000) 508.0 . . . . . . . . 
. . . . . . . . 31,000,000 
. . . . . . . . 30,220.000 
: : : : 407; : : : 28.560.000 
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Nominal кер Diamete Schedule” — [Wa!l Thickness[Internal Diamete 


Pipe square square 
Size in. ree feet meters 


ІШ i нн 
+ 609.6 










Relative 
Roughness 







For [For Complete Turbulence | Turbulence 
Factor Number 
38,440,000 
38,340,000 
38,220,000 
37,780,000 
37,330,000 
37,000,000 


36,000,000 
35,110,000 























37,220,000 
36,220,000 


326 Appendix C 


Table C.3 Properties of Wrought Steel and Stainless Steel Pipe (Continued; 


























Nominal|Outsice Diamete Schedule’ [Wall Thickness|Interna! Diameter,  FiowArea | Relative |For Complete Turbulence 
Pipe squaré square Roughness | Friction Reynolds 
Size in. mm feet feet meters eD Number 















0.312] 7.92] 2.115] 6446 3.512 0.3263) 7.093Е-05] 0.01123} 45,110,000 
26 26.000] 660.4 570 0.375| 953 2404 641.4 3.477 0.3231) 7.129E-05; 0.01124! 44,890,000 
0.500] 12.70] 2083] 635.0 3.409 0.3167] 7.200E-05) 0.01127] 44,440,000 


0.3797] 6.575Е-05 
0.3763] 6.606E-05 
0.3694] 6.667E-05 
0.3626] 6.729E-05 
0.4410] 6.102E-05 
0.4373] 6.127E-05 
0.4335] 6.154E-05 
6.207Е-05 
0.4188] 6.261E-05! 
0.4116] 6.316E-05) 
0.4988] 5.737E-05 
0.4948] 5.760E-05 
0.4869] 5.806E-05 
5.854Е-05 
0.4752| 5.878Е-05 
0.5645| 5.393E-05; 
0.5602| 5.414E-05 
0.5518| 5.455E-05 
0.5435] 5.496E-05) 
0.5393} 5.517E-05 

































32 32.000] 812.8 


Ë 34.000 863.6 
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Nominal ШШ PIN Schedule* Wall Thickness|Internai Diamete Flow Area 


Pipe Square Square 
Size in. teet teet meters 


Les ja] 
570 
36.000} 914.4 
“| | Nl 


*Schedule numbers: 

1. Standard-weight pipe (STD) and schedule 40 are the same in all sizes through 10 inch. 
For 12 inch and above. standard-weight pipe has a wall thickness of 3 8 inch. 

2. Extrastrong-weight pipe (XS) and schedule 80 are the same in all sizes through 8 inch. 
For 10 inch and above, extrastrong-weight pipe has a wall thickness of 1 2 inch. 

3. Double extrastrong-weight pipe (XXS) has no corresponding schedule number. 

4. a. ANSI B36:10 steel pipe schedule numbers 
b. ANSI B26.19 stainless steel pipe schedule numbers 
c. ANSI B36.10 steel pipe nomina! wall designation. 






For Complete Turbulence 
Friction Reynolds 
Factor Number 
62,890,000 
62,670,000 


62,220,000 
61,780,000 


Relative 
Roughness 











Relative roughness: £; D was calculated using an absolute roughness value of ¢ = 130 x 107° feet. 
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Table C.4 Properties of 250-psi Cast Iron Pipe 


[ 39 | 35 | г 
вә [оми [зил [ое [ази 

оз | sr | osm | uss | ЖЕШІСЕ 
Co [nw | m| o [oa | na| osn | з | оз» [| 
Cu oem [se | 2 — | 9m [5e [uum | see | i9 | їйөю | 134 
[3 [uem | e | x [оз [из [г | «mr | wes [| ётю | Sei. 
(m [ma | ses | 3 $m [ies [ies | mis | 222 | x59» | 869 | 
[ m | mm | sns | » [оз [з [тї | тыз | «ms | eso | 3993 _ 
[5 [sm | sms] 

Ши 










Thickness 






















929 | 2 | 1.10 | 279 917.1 7.108 660 600 
1 130 122 | 310 | 3.505 1 068 895 800 


NOTES 

1, Outside diameter and wall thickness extracted from merican National Standard Cast Iron Pipe Centrifugally Cast in Metal Molds 
for Water or Other Liquids. ANSI A21.6- 1970 

2. Metrication bs author. 

3. Values of relative roughness. ¢/D. were computed using ¢ = 850 x 107° ft (260 jem). 





Properties of Areas, Pipes, and Tubing 329 


Table C.5 Properties of Seamless Copper Water Tube 
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Table C.5 Properties of Seamless Copper Water Tube (Conimued) 


Standard Outside E i thickness internal diameter 
size, 10%e/D 
n INLINE NC NI 


— Pee D ree a ron n pn 

о oe [aa | аон | im | sa 

ER am Ck [ows | zn ems | «m [omm | im | юе 
2.125 



















[1 [we | im [ou | see | ше | imr | wa 
[os | re l own | so | oomo 20m | 2987 _ 
re Ce ws | za [ome | ав [bow | э® [им 
7 ве [i | ooo | zos | ozs | ene | oos — 300 | 2434 | 
m | oos [ 5 | eame | esas | ooma | or | м] 

| оле | on oms | nu | ouso | аш | we _ 
и [ош [зз [оны [зыш [ойт | 485 | 19 

Ск eu | so | osm | sss | оше | sme | пл _ 

m [om lon | ozs | ors | oosa | sws | 135 

X [oa | smo | oam | sem | oom | тыз | 3536 | 
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Standard 
size, 
іп, 


0.125 , 318 0.4068 , 123.8 
0.109 2.77 0.4089 124.7 


0.4784 
0.4871 








NOTES 





0.4901 


0.200 5.08 0.6438 
0.170 4.32 0.6488 


0.388 8.59 | 0.7874 240.0 


145.8 
148.5 
143.9 
192.6 
196.2 
197.8 


01798 | 
0.1886 
! 0.3136 
0.3255 
0.3306 
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10°e/D 
mm? 


0.1296 12 050 12.31 
0.1313 12 210 12.23 


16700 
17 320 10.27 


17 530 


799” 


30 720 


0.250 


| 635 | 0.8021 


0.8084 


K | 0.405 10.29 0.9429 
! 








244.5 0.5053 46 950 


246.4 


287.4 


293.8. 





0.5133 





6.45 


0.9681 


295.1 


41 680 











| 


l. Outside diameter and wall thickness in inches extracted from American National Standard Seamless Copper Water Tube, ANSI H 


231- 1970. 
. Metrication bv author. 
. Types: К. for underground service and general plumbing: L. for interior plumbing: M. for use with soldered fittings only. 
. Values of relative roughness. ¢/D. were computed using e — 3 x 107^ ft(1.5 um). 
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Table C.6 Typical Maximum Allowable Stress Values for Selected Piping 
Materials “ 


Temperature, Stress, Temperature, Stress, 


Material Grade °F psi °C Мра 
Carbon steel—specification A-106 
A — 20 to 600 12,000 — 29 to 316 82.7 
700 11,600 371 80.0 
800 9,000 427 62.0 
В — 20 to 600 15,000 —29 to 316 103.4 
700 14,300 371 98.6 
800 10,800 427 74.5 
Low and intermediate alloy steel—specification A-335 
С-%Мо РІ — 20 to 800 13,700 — 29 to 427 94.4 
4Cr-4Mo P2 — 20 to 800 13,700 —20 to 427 94.4 
800 13,400 427 92.4 
900 12,500 482 86.2 
1000 6,200 538 42.7 
14Cr-4Mo-Si Pil — 20 to 800 15,000 —29 to 427 103.4 
900 13,100 482 90.3 
1000 6,500 538 44.8 
1100 3,000 593 20.7 
1Cr-4Mo P12 ~ 20 10 700 15,000 — 29 to 371 103.4 
800 14,700 427 101.3 
900 13,100 482 90,3 
1000 6,500 538 44.8 
1100 2,800 593 19.3 
24Cr-1Mo P22 — 20 to 800 15,000 — 29 to 427 103.4 
900 13,000 482 89.6 
1000 7,800 538 53.8 
1100 4,200 593 29.0 
Stainless steel—specification A-213 
18Cr-10Ni-Cb TP 347 — 20 to 100 18,700 —29 to 38 128.9 
200 17,200 93 118.6 
300 16,000 149 110.3 
400 15,000 204 103.4 
500 14,000 260 96.5 
600 13,400 316 92.4 
700 12,900 371 88.9 
800 12,700 427 87.6 
900 12,600 482 86.9 
1000 12,500 538 86.2 
1100 9.100 593 62.7 
1200 6,100 649 42.1 


“Stress values are for the solution of text problems only. For actual piping design 
ANSI B31.1 "Power Piping" values must be used. 
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Fluid Properties 


Table D.1 Critical and Saturated Properties of Selected Fluids 
Table D.2 Properties of Selected Gases 
Table D.3 Density and Viscosity of Steam and Compressed Water 
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Table D.1 Critical and Saturated Properties of Selected Fluids 


Vapor Viscosty - —— 





Acetic Aois C Oy M = 00.062 20 » 0.201 
tp 16 66 6199 1289-02 1 8706<1 1 250E01 4 '91E-0! 10515 65 54 1271 26 54 28 1906 6 37Е-02 3 Е 03 747 0 156 
2020 66 0 5 6726-03 2 2805-01 3 529Е-01 501768: 10481 65 43 1207 2521 2744 1 683 7 64E-02 477Е-03 75% 0159 
“< > 104 00 4674E«03 6 780E-01 4 540E-C1 1 5225-00 10273 6413 907 1895 2552 1749 2 01Е-01 1 26Е-02 4% 0173 
“ж 140 00 1 203€ +04 1745E«00 12'8E«00 4 001Е.00 19058 6279 703 1468 2357 1615 4 62Е-01 2 64Е-02 59 0188 
6с 00 176 00 274,04 3975€«00 2 641E+00 9 321E«00 9835 61 40 558 86 2164 1 483 9 59E-01 5096-02 96 0 202 
10000 27200 5 6552-04 8 202Е +00 6 004E+00 1 9706-01 960 4 59 96 453 947 1971 1 350 5 8ЗЕ-00 5145-01 429% 52:7 
nbp 1790 24422 10136-05 1 4706-01 1 100E+01 36801 9359 5861 382 797 17 99 1 233 3 10520 * 93€ 01 1102 0230 
120 00 248 00 1 С76Е +05 1 581Е +01 1172601 3 84SE 20° 936 3 5845 3% 782 1779 1 219 3 27Е-00 2 04E-01 510% 9232 
14000 28400 1914 +06 2775E«1 2 142E401 7 028E«0* 9110 5687 313 654 1569 1 089 8526-20 344£01 1181 0247 
1000 32000 32166 +06 4 6648+C1 37085.01 12%7Е.02 564 4 5521 265 554 1490 0 м0 887E«00 5 54E-01 1254 0262 
5% 00 356 00 5$ 152E«05 7 472E+01 6 136E+01 20'3€«02 856 1 5344 227 474 1213 083 137E401 4 55Е-01 1328 0277 
20000 392 0€ 7$921E«05 1149€ «02 97896.01 32106.902 8257 5154 1% 408 1028 2705 2 05E 401 128E«0C 1406 0294 
22000 42800 11766 +06 1 705E 402 183Е-02 4 963E«02 7924 49 45 169 353 845 25% 3 026501 1 89E 600 1489 0311 
240 00 45A 00 1695€ «06 2 455E402 2 2B4E 02 7 4926.02 7558 4719 146 305 665 0456 423E«01 2 64E+00 1577 2 329 
26с 00 500 00 2373.06 3 4426-02 3 WOE АД 1128403 7135 4456 1% 264 4“ 0334 617Е-01 3 85Е-00 1664 9352 
280 00 $36 00 3 251E 606 4714E«C2 4996E«02 1 640E+03 6632 4140 106 226 315 9216 8 83E+01 5515-00 1817 0380 
30000 57200 4361E«.06 $ 326E«02 7 0Е-02 2 454Е +03 504 6 3712 % 18? 148 0101 1 WE 8 31Е,00 2031 0424 
ср 319 56 607 21 5 786E +06 8391E402 1 677Е-03 5 5036-03 3518 2196 49 103 оо 0 000 351E«02 2796-01 40 46 1033 
Acetone CHD Ms 08.08 2e «0.228 
їр 9470 13846 2594£ «0C 3762Е-04 2 897Е-04 9 504E-04 913: 87 09 2002 4161 36 25 2621 1 01Е-04 6 29Е-06 20 C042 
-4000 31:200 1695€ 401 2 458Е<3 1 924Е-03 6 311Е-03 896 4 5609 1455 30 39 334 2 490 6 18Е-04 3 МЕ-05 3% 0063 
4000 7600 1 %8Е.02 1 965Е-02 1 569E-02 5 2°3Е-02 8782 5482 965 2015 3376 2313 4 56Е 03 2 86E-04 458 0096 
4000 4000 7 3745.02 1 0726-01 87756-02 2 879€ 01 6574 5382 5“ 1434 3320 2138 2 ЖЕ-02 14'Е-03 $07 0127 
20 0 490 2 91Е +03 4265-01 3587E-0! 11776-50 8360 5219 515 ‘O77 2866 1964 8 29Е-02 5 17Е-03 732 0 153 
000 3200 $9 303€ -03 1 349E +00 1 165Е200 3623,00 М4" 5082 404 643 2615 172 241€0° 1516-02 827 0173 
1556 6000 2 008E -04 29126-00 2 570Е-0С 8 43359 7965 4972 342 713 2421 15% 4 90E 4* 3 08E02 381 0184 
20 00 86 00 2 458E 404 3 566£+00 2 166Е.0с 1 0396-01 7914 4041 327 662 2366 * 62: 5 90Е-01 366E-02 893 0186 
«4000 104 0€ 5 837E +04 8 176E +00 7 488E -0C 2 456E«01 7679 4794 272 568 2120 5453 1 26Е.00 7 86Е-02 9354 0195 
nop 5629 13332 10136-05 1 4706401 * 361E+01 4532601 7480 4870 238 49 1922 1317 2 15Е +00 3 3401 950 9198 
6000 14000 11548068 — 6736.00 182600 57926-01 7434 ws гу М 187? * 266 2 «E«00 158 E41 9% 0200 
$000 176 00 2154,6 31245501 3 300E +0" 5 004Е.02 7177 4481 192 402 16 36 442 < 20Е.00 266E-0: 974 0203 
*0000 21:2 9€ 3731Е +06 5 611E 601 5 509Е•01 1 8076+02 6906 өз" 168 345 1402 Con 7 15E«00 4 48E-01 9 38 0 206 
12000 24800 607756 88013.01 9 XOE«01 3072E«02 6617 431 143 298 un 0 503 1 14E401 7126-01 10 08 020 
14000 28400 9 405E «05 1 364Е .02 1521Е<02 4 990E+02 $306 3955 124 259 945 0648 1 76E«01 1306.00 "042 92:8 
160 09 320 00 1 956.04 2 024E +02 2387E40Q 7 8306-02 562 3722 1% 225 725 0497 26-04 1 64-0 4% 0230 
1002 356 00 1 9966 «06 2898E«02 36576422 1 200£403 5571 3478 93 194 51: о 350 4 09Е-01 2 55Е 600 1200 9251 
2000 39200 2778E-06 4 029€ «02 5 553Е»02 1 822Е-03 $101 3185 79 166 зс 0211 5 S2E «01 %07Е-00 1411 0295 
22000 42800 3 768Е +06 5 4852-02 8 630E +02 2 832Е-03 4452 2779 65 1% 119 9 062 1 9Е-2 6 80E +00 477% 90371 
ср 235 05 455 79 4 702Е +06 60195-02 17256403 5 660E +03 2779 MEL 35 cn 000 0000 2 78Е.22 1736401 3864 0%7 


tp slrD0 pomt ^®р -normai being pont cp -crtica pom 


ы 
М 
Un 


Fluid Properties 


(тепгегаме -T Vapor Pressure-P, Vapor Head-h, = P/y Liquid Density - py, Liquid Viscosity ш Surface Tension - 2 Vapor Density - pg Vapor Viscosity - ng 
ee т] к кеи иг y] sma | nm; | кыт” [ me | Pa see r10 ыз енд 








Acetonitrile CHiN M = 41.062 2c = 02164 
tp 4383 -4689 1757Е:02 25488-00 2113800 6 928Е-02 8485 5297 690 wa 3752 2571 3 80E-03 2 378-04 497 0.104 
-4000 4000 2408892 3492800 29088027 9536Е-02 8448 5274 657 1375 3702 2537 5 13E-03 32054 52 0109 
-20 00 400 104Е.03 150601) 1287501 42216-0) 8252 5152 523 1092 5443 2358 206Е-02 1 28E-03 636 0133 
000 3200 3%7603 5007601 44448-01 1 457Е+00 8052 5027 428 893 3185 2183 6 48E-02 4 05E-03 727 0152 
1556 60 00 7 876E«03 1 142E«00 1018E«00 3339E.00 7892 4927 372 777 2986 2046 1 Э9Е-01 867Е-03 780 0162 
2000 — 6800  39743E«03  1413E.00 — 1267E400 — 4155E400 7646 43 98 358 745 2930 2008 1 70E-01 1 06E-02 792 0165 
4000 10400 23264 2276600 317500 10206-01 7833 4765 305 637 2676 1834 385E-01 2 «Е02 637 0175 
6000 14000 4997854 7160600 5793400 — 2228E«01 7413 4828 264 55i 2424 1661 7 82E-01 4886-02 867 он 
8000 17600 951644 1380.01 1351E.01.— 44325401 7185 4456 29 4.82 2175 1490 145E400 9076-02 8. 0186 
nbp 8160 17888 — 1013205 1470808 1442640) 47306401 7167 474 228 477 21 55 1477 1 55Е-00 9 ББЕ-02 903 0189 
10000 21200 17006-06 2455E+01 2496E+01  B185E+01 6947 4337 203 425 1928 1321 252Е-00 1 58Е-01 9% 0189 
12000 248090  2853€405 419600 43478-01 1 425Е+02 689 7 “a 180 377 1684 1154 416E400 250-01 925 0 193 
14000 — 26400 45556-05 6807Е.01 7224Е+01 — 2369E+02 $433 4016 161 336 1443 0989 Б57Е+00 4 10Е-01 949 0198 
16000 22000 6ӨМЕ08 1013Е:02 1158602 — 3798E+02 6150 мж 14 300 1206 082€ — 101E+O1 6 ЗОЕ-01 984 0206 
19000 35600 10356-06 1501.02 1807802 5925Е+02 5844 38 48 128 265 973 0656 152Е.01 9 47E-0! 1035 0216 
20000 38200 1404606 21666602 2768802 9077Е+02 550 5 3437 114 238 744 050 2256+01 1 41Ee00 1109 0232 
22000 42800 2109-06 1054402 42056802: 1376-03 5116 3194 101 210 522 0358 — 324E40! 2 02E400 1180 0246 
2000 45400 2526546 — 4243E«02 — B430E402 — 2 108E«03 4542 28 98 8? 182 зо 0211 5 27801 3 296400 1455 о 304 
20000 50000 40035406 — S806E.02 — 1032E.03 — 3 383E403 3959 2471 n 148 107 0079 — B93E4€1 557E«00 1907 0 398 
ер 27235 52229 483396 70108.02 20746-0)  684E+03 2323 1431 e 087 9% 0000  237E+O2 EI 4150 067 
Acetylene CH, M - 26.038 Zc - 0271 
nbp 8415 -A1947 1013806) 14705501 sold зою sad solid sod sod solid sold 173E400 ) 08E-01 66 0138 
1p 9075 41335 12606505 18286-01 2063601 6833Е+01 6171 38 52 196 410 1875 1285 212Е+00 1 RED 69 0144 
-4000 -11200 — 13166405 — 1912E01 — 2183E«Q: — 7 159E401 5160 3645 195 407 16 62 A276 — 221E400 1 38E01 696 0145 
400 7500  3596E.05 5128.01 — 6171E.0!1 — 2024E«02 5845 3649 162 339 1499 1027 560Е-00 350601 783 0159 
4000 400 7816806 11348-00 1 4508-0270 4755Е+02 5499 3433 137 286 1147 а? 1215-01 7 SSE.01 823 9172 
-20 00 400 15096806 — 21890402 — 3015E«02 — 9888E«02 5107 3168 116 242 зо 0553 237Е,.01 1 48E400 90 0188 
000 3200 2650686 — JjB43E402 — 5830E402 — 19128403 4636 2854 97 203 m 0332 — 443E+0t 277E400 1023 0214 
1556 5000 39148-06 5676802 9596500 3 147Е+03 4161 25 98 83 173 250 om 7 226401 4 S0E400 187 0248 
2000 680 4345 406 8208802 11126209 3647Е+03 3990 2491 78 163 187 0128 8В33Ё»0\ 5 20E400 1252 0261 
cp 3517 — 95391 61395506 8504602 27176503 8910Е-03 2305 1439 43 090 000 0000  23Ee2 — 40 4317 0902 
Ат (А 729) М х 28.97 2с - 0230 
tp 213915 -35167 6552609 9503601 705660) 2314Е+00 9474 5914 325 679 1068 0732 1 45E-01 9 08E-03 264 0055 
0000  .32B800 51966-04 — 7536E«00 59327600 — 1947E40! 8928 5574 1% 416 813 0557 1 53.00 9 54E-02 4-2 0101 
nbp 19435 31783 10135405 — 1470E401 — 1191£401 3 907Е+01 8676 5416 170 354 709 0458 333Е+00 2086-01 572 0119 
18000 .29200 40016505 580Е.01 56117801 1678Е+02 7977 49 80 124 259 456 0313  12E.0 B21E-0) 763 0159 
21000 -25600 "5126-06 2199302 2284E+02 — 7491E«02 6754 4216 9 190 15 0493 551E+Q1 3 44E+00 1049 0219 
ср -44070 22126 — 3774E:06 5474602 1058E.03 — 3469E«03 3640 2272 л 043 000 0000 2МЕ02 1600 2070 0432 


1p etnple port, nb p. « normal boring point. cp. « critical point 
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Table D.1 Critical and Saturated Properties of Selected Fluids (Continued) 











Temperature T Liquid Viscosity - м Surface Tension - 5 Vapor Density ` pç 
‘ Pa sec 108 |ы ѕест2 > 10| мт «10? | ibit = 10° 

Ammonia (А 717) МН, М =17.030 20 = 0.242 

tp -7774 10793 60606.03 8789501 8425601 27636-00 7339 4581 519 1085 4416 3027 6 37E-02 3986-03 623 0130 

60 00 76 00 2 185E«04 3169E«00 3122bE400 1 0246.01 7129 445? 409 453 4009 2747 2 12Е-0: 1 9Е%2 760 0159 

4000 — -4000 — 7154E.04 — 1038E,0! — 1058E«Q! — 34696+01 689 g 4307 ait 549 3552 2434 5 42E-0! 401E-02 8% 0184 

пор 3343 28 17 10136408 14708401 1517E+O1 4974E.01 6816 4255 284 593 3403 23m 8 89E.01 5 55Е-02 913 0191 

2000 :4 00 1 696E +05 27506-01 2 909E+01 $540E4€1! 6649 4151 237 495 3101 2125 1 60Е +00 9 98Е-02 973 0203 

900 3200 4281E«05 6 2096-01 6 839E+01 2 243E+02 5386 3987 164 384 2655 1819 3 45Е +00 2 15Е-01 1050 0219 

1556 6000 7 399E«05 1073€ 02 1 224E +02 40136502 6169 3851 153 320 2314 * 585 581Е-00 3 63-04 11 05 0231 

2000 6800 8550E«05 1 240602 1 4296-02 4 666E+02 6104 3811 146 305 2217 1519 6 63E +00 417Е-01 120 0234 

4000 104 00 1551E406 2 2496 +02 2 730E+02 4 953E«02 5796 3615 120 251 17 86 1224 1 208401 7 490-01 1193 0249 

6000 14000 2 608E«06 3 782Æ +02 4 880E «02 3 600€ 403 5452 3403 102 213 1366 0936 2 04E«0t 1 27E+00 1280 0267 

10000 21200 6235E«06 9 043E402 1 392Е +03 4566E+03 4569 2852 70 146 564 0386 5576401 3 48E«00 1543 0322 

12000 — 24800 — 9082E406 13176.03 — 2400E«03 — 7875E«03 3858 2408 a 100 197 0135 9 АВЕ 01 6 15E+00 1778 037 

ер 13250 27050 1 130Е 07 1 640-203 4 907E«03 1 609Е.04 2350 1467 25 052 000 сою 2 35Е +02 1 47Е +01 2490 0520 
Argon (7740) Ar ы - 30.048 20: 0.201 

ір -18928 -30870 6895Е+04 10006-01 4971600 16306-01 14150 8634 290 605 1337 0916 404E«00 2 52€-01 699 0146 

nbp -18588 -30255 1043806 1470801 7416600  24328+01 13938 8701 261 545 1249 9656 5 75Е+00 359€-01 739 0154 

418000  -29200 1806.05 — 2620E40! —1358E«0! — 4 459608 13570 8472 220 459 1102 0 755 9 79E «00 611601 799 0167 

-16000 -256 00 8 1406 +05 1181E+02 6 825Е401 2 238Е.02 12186 75 95 137 255 6 35 0435 404E«01 2 52E«00 983 0205 

-14000  -22000 2350806 — 3408E«02 — 2325E«02 — 7 624E402 1031 1 5437 94 196 2% 0163 1 226602 7 63Е+00 12 Bg 9269 

ср IRR 488% 4865E«06 7 056E+02 9 276Е +02 3 0426.03 5360 3340 28 oss 000 0 000 535E«02 33450 2790 05583 
Benzene Cy, M = 78.1313 20-0271 

1р 553 4195 47968-03 6956-01 5487Е-01 17996.00 8917 5567 804 1679 жа 218 1 68E-01 1 05€.02 712 0149 

1556 6000 8 063E+03 1 169E+00 9 326Е-01 3058E«00 B82 0 5506 594 14 49 29 45 2019 2 68Е-01 1 68Е-02 74 0156 

20.00 48090 1 002Е-4 1 453Е +00 1 165E+00 3819€400 8777 5479 651 1360 2887 1978 327EO1 204502 760 0159 

4000 10400 24336.04 35265-00 — 2894E€«00 — 9489E-00 8577 8355 496 1036 26 24 1798 7 39E-01 482602 в. 0171 

6000 14000 520Е44 7555& 400 — 6 349E«00 — 20B2E.0! 8371 5226 386 807 2365 1621 1 49E+00 9 32E-02 877 0183 

8000 17600 1008606 1462600: 1268501 4135E401 8156 5092 307 642 2112 1447 275E +00 172601 930 01% 

пор 8009 17616 101 45 147001 1268607 4157E40! 8155 5091 307 6“ 211 1446 2 76Е-00 172Е91 930 0194 

10000 21200 1707Е.05 2606401 2311601 7578E+O1 7932 4952 249 521 1865 1278 4 71Е.00 2 94E-01 984 0206 

12000 24800 29935.06 4341601 39676-01 1 301E+02 7697 4805 206 431 1623 1112 7 61Е+00 475601 1041 0217 

14000 — 28400 471505 68960: 64576401 2116Е:02 7449 4850 174 364 1389 0952 1 18E 601 7 37E-01 1104 0230 

16000 320 00 7 0906-05 1 026E«02 1007E«02 3301Е,02 7185 44 85 150 314 1162 0796 174Е,01 1 08Е-00 1175 0245 

18000 35600 — 1005E406 1487802  1516Е>02 4972Е502 6900 4307 132 275 943 0645 2516+01 157E406 1257 9262 

20000 39200 1436ЕЫ6 — 2082E.02 — 2223E402 7 291Е%02 6588 4113 178 245 733 0 503 3 59Е 01 2 24E«00 1353 0283 

22000 428 00 1 956E +06 2 836Е +02 3 199Е +02 1 049Е»03 6238 3894 108 225 535 9367 5106401 318550 1465 0306 

249 00 454 00 2 604Е +06 3776E402 4557Е-02 1 4946-03 5829 3635 100 209 350 0240 726E+01 4535-00 1597 0333 

26000 500 00 3 401Е+06 4 933Е +02 6 527Е+02 2140.03 5316 3319 95 198 183 0125 105E«02 6 53Es00 1750 0365 

280 00 536 00 4 375E+06 6 345E+02 9 887E+02 3 242E+03 4514 2818 91 791 943 0029 1 66Е+02 +04Е +01 1928 0403 

ер 289 01 552 22 4 В98Е +06 7 1046-02 1 656Е +03 5 432E 03 3017 1883 90 189 ооо 0000 3026-02 1 85Е+01 90 34 1887 


fp «tripie port, nb p = normal bong port cp = creical point 
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Temperature - T Vapor Pressure-P, Vapor Head- h, - P^ 
[ c< p Pa | оза m | * 









гала уван n 
Pa sac 105 ы ввел 0 m 


Liquid Density - p, 














Bromine Br, M - 159.5808 2c 20.287 
tp 730 186 5843Е+03 8482Е-01 1 B63E-01 6 108E-01 32033 199 96 1283 2679 4538 3178 425E-01 2 B5E-02 1485 9310 
000 3200 8 662E +03 1 256E+00 2777Е-01 8 108Е-01 318 7 198 63 1196 2496 45 14 3093 6 13Е-01 383E-02 1519 0317 
15 56 6000 1 857Е+04 2 593E400 6 042E-01 1 981E«00 31348 19571 1033 2158 4253 2914 125E«00 7 77Е-02 1591 0332 
20 00 6800 2 2706+04 3 292Е 00 7 420Е-01 2 433Е +00 31214 194 86 992 2071 4179 2 863 150E400 937E-02 1612 0 337 
40 00 104 00 5 1ME«04 7 514E«00 1 728E«00 5$ 666E «00 30592 190 96 831 1735 3847 2635 321E«00 201E-01 17707 0557 
nbp 5875 13775 1013E +08 1 4706-01 3447E«00 11601 29991 187 23 712 14 87 3539 2425 5956200 3 72Е-01 1792 0375 
6000 14000 1 0506+05 1534.01 3 603E«00 1 1825401 2995 1 186 96 705 1473 3519 2411 8 19Е-00 3 87Е-01 1803 0377 
50 00 176 00 1 973.06 2 B61E«01 6 872E«00 2254Е +01 2928 5 182 83 607 12 67 31 95 2190 1 10Е•01 6 MEDI 19 02 0397 
10000 21200 2415505 495301 12186801  39956+01 28595 178 51 529 1104 2875 1971 1 81Е.01 1136400 2003 046 
12000 24800 5557546 80606,01 2034Е9%01!1 66706501 27874 17401 466 974 2562 1755 2 83E+01 1 76E +00 2107 0440 
140 00 284 00 8 588E«05 1 246Е.02 32316001 1060E+02 27117 169 28 416 868 2253 154 4 226501 263.00 2216 0463 
16000 32000 1 271Ё+06 1 В4АЕ +02 4 928E+01 16168+02 26317 16429 375 784 1950 13% 697Е-01 379Е +00 2331 0487 
180 00 35600 1814E406 2 530E402 7 266E +0! 2 383E.02 25454 15897 341 713 16 53 1133 8476-01 5 29Е +00 24 54 0513 
200 00 382 00 2 509Е +06 3538E402 1 O43E +02 3 418Е.02 2454 6 15323 313 6 54 1364 09 1156402 7216400 2588 0540 
220 00 428.00 3 379Е +06 4 901Е +02 t 465E«02 *803E«02 23540 146 95 289 604 1082 0742 1 55Е202 9 66Е +00 2738 0572 
24000 48400 — 4450E406 — 56455Е02 — 2026E402 — 6643E«02 22414 138 92 269 562 811 0556 2056+02 128E«01 2911 0608 
260 00 500 00 $ 748E«06 6337Е 02 2 7796-02 8 113E«02 2104 13075 252 526 552 0378 2 58Е+02 1 67E+01 32! 0552 
28000 53600 730385056 — 1059.03 — 3826E«02 — 1255E«03 19472 123 56 237 495 340 0212 3 59E ^02 2 24E40 3408 0712 
300 00 57200 9 147E +06 1327E403 5 485E 402 1 799E+03 17015 106 22 224 468 093 0 064 5 16Е•02 3226.01 3930 0821 
ср 31100 59180 1034507 1499603 89075502 2921Е+03 1183 8 7390 72 150 000 0000 1 18Е +03 7 39E 603 7166 1497 
Butane-so (Fi 600A) CH. M - 68.123 Ze = 0.262 
tp -15961 -25530 1 422Е-02 2 082E -06 + 9566-06 6 415Е-06 7414 4525 17133 357 83 3445 2 361 115E-06 7 26Е-08 24 0052 
-14000 -220 00 1 273Е-00 1 845Е-04 1797E-04 5 894E-04 7226 4511 5006 104 56 3156 2163 7 53E.05 470€-06 313 0065 
412000 18400 2298601 47836-03 4783Е-03 1 569Е-02 тоза 4391 2127 44 43 2857 1 965 156Е-03 970Е-05 37 0079 
-10000 44800 354662 5 201E-02 5348E-02 1 754Е-01 6641 4271 1135 2371 25 B4 im 1 45Е-02 905604 440 0092 
4000 -11200 2 183Е+03 3 166Е-01 3351E-01 1 099E «00 6645 4148 698 1459 2308 15% 7 93Е-02 495E-03 502 0105 
000 7600 9042Е+03 13125420 14316.00 46935-00 6446 4024 473 9 86 2038 1387 299Е-01 1 87Е-02 56 9117 
-40 00 40 00 2 036E +04 4114£400 4 637Е +00 1521E+01 6240 3896 343 716 1776 127 865Е-01 § 40E-02 618 0129 
-20 00 -400 7 235Е „04 1 049Е»01 1 225Е +01 4016E+01 6025 3 63 261 546 1522 1043 2 05E+00 1 26-01 673 Om 
ләр 1172 1090 1013546 2470.01 1741Е-01 5709-01 5938 27 07 237 494 1419 0972 2МЕ0 1766901 6% 0145 
000 3200 1578058 22896.01 2773601 90956-01 5805 3624 207 433 1277 0875 425Е500 2686-01 702 0147 
1556 6000 2 659E «05 3856E«01 4 624Е +01 1 562E+02 5623 3540 177 370 1092 0749 6 95E400 4 34£-01 764 0160 
2000 5800 3050E«05 4424-01 5 589E «01 1833E+02 5568 3476 170 354 1041 0713 7 92E400 494E-01 778 0162 
40 00 104 00 5 364E 405 7 780601 1 O30E +02 3 378Е.02 5312 3346 14 294 816 0 558 1 37Е+01 6 54E-01 526 0173 
ооо 14000 8 756E«05 1 2706-02 1777E+02 5 827E 692 5027 5138 122 255 504 0414 2 24E«01 1 40-0 8% 0164 
8000 17600 1348 Е +406 19556-02 29266.02 9596Е+02 469 9 2934 103 216 407 9279 357E401 223€400 97 0203 
100 00 21200 1 985€ «06 2 878E +02 4 PINE 602 1545E+03 4298 2683 B1 170 229 0157 5 64E«01 3526-00 1133 0237 
12000 24800 2 832Е 6 4106602 7 750Е +02 2541E«03 3729 2326 59 122 078 0053 9 53E+01 595E«00 1396 0292 
cp 13499 27498 3655Е-06 5301-02 —1663E+03 — 5452E+03 2243 1400 23 049 оо 0 000 2246.02 14050 2330 0487 


Tp =trple powt nb p «= normal boiling point, cp = critical pont 
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Table D.I Critical and Saturated Properties of Selected Fluids (Continued) 





Saraca Tersan a 

Влалечл (А 600) С.Н), М = 58.123 2с = 0.274 

ір 413829  .21692 87576-01 8 800Е-05 9 375Е-05 3074Е-04 7353 45 90 2144 4478 32 90 2254 3 49E-05 2 18E-06 199 0041 

12000-18400 1372801 1 990E-03 1 949E-03 6 391E-03 7182 44 B4 1271 2655 3036 2080 6 30E-04 3 93E-05 257 0.056 

-10000 14800 1 659Е +02 ? 406E-02 2 420E-02 2 935Е-02 6994 4367 793 1655 2763 1 894 6 70Е-03 418Е-04 343 0072 

-80 00 -11200 1118Е•03 1 622Е01 1 676Е-01 5 496Е-01 6005 4248 549 1127 2496 1710 405602 253E-03 419 0087 

80 00 :76 00 S017E+03 7 277E-01 7 740Е-01 2 538Е +00 6613 4128 395 826 2233 1530 1 65Е-01 1 03Е 02 «92 0103 

-40 00 -40 00 1679E«04 2435E400 2 669Е+00 8 754Е +00 6417 40 06 306 640 1976 1354 5 10Е-01 318E-02 563 0118 

-20 00 -400 4 522E404 6 558E+00 7 422Е+00 2 434Е-+01 6215 38 80 248 547 1726 1182 1 28Е-00 7 9%Е-02 6 30 0132 

пор 950 3110 1013E«05 1 470Е»01 1720£ «01 5 640E+01 6011 37 53 206 431 1488 1 019 2 71E«00 169E-01 598 0146 

000 3200 + 032E405 1 499Е +01 1 7556401 5758E «01 6005 37 69 205 429 14 82 1015 2 76E+00 172€-01 700 0146 

1556 6000 17976405 2 607Е +01 3 142E+01 1 OWE +02 5835 3643 178 373 1297 0869 4 63bE ^00 2696-01 746 0156 

2000 6800 2 080E «05 3017Е,01 3 668Е «01 1 203Е-02 5785 3611 172 359 1245 0853 532E400 3 32b -01 758 0158 

4000 104 00 3 793Е+05 5 502Е +01 6 974Е•01 2 287E+02 5549 34 64 141 294 1017 0697 9 43E+00 5 B9E-CT 813 0170 

6000 140 00 6 397Е+05 9277E«01 1 233Е202 4043Е 02 5293 3304 116 242 798 0547 157E+01 9 82E-C1 572 0182 

60 00 176 00 1013Е+06 1 489£ +02 2 064E 402 6 769Е +02 5007 3126 96 199 590 0404 2 52E+01 157Ё+00 946 0198 

100 00 21200 1 526E+06 2 2146+02 3331E+02 1 092E +03 4875 2938 77 151 3% 0271 3 94E+01 2 46E+00 1049 0219 

12000 24800 2211E+06 3 207E+02 5294E«02 1 736Е +03 4261 26 60 59 123 217 0149 5 17E«0t 3 85Е-00 1196 0250 

14000 284 00 3 120Е 6 4525Е-02 8729Е-02 2 862E +03 3646 2276 42 088 055 004 1 04Е •02 6 48E+00 1502 0314 

ep 15203 305 65 3 796Е+06 5 505Е +02 1707E403 5 599E «03 226 8 1416 24 050 000 0000 227E402 1 42E«01 2400 0501 
Carbon Dude (R 744) CO, М = 44.010 е = 0.2276 2с = 0.274 

ләр 77848 -10926 10136405 14706401 Sond бо Soba Sons Soo Sod Sold Sond 2 BOE +00 175E-01 975 0204 

ір +5657 63 83 5 180E «05 7 512Е+01 4 481Е +07 1 4706.02 11785 2358 251 524 1663 1139 1 38E«01 B 60€-01 1092 0228 

-40 00 -40 (0 1 005Е05 1 458Е-02 9 170E+01 3009E «02 11175 69 76 202 421 12 76 0875 261Е•01 1 63Е +06 12 40 0259 

-2000 -400 1970E«05 2 858E+02 1 948E.03 6 391E+03 1031 644 150 313 eat 0576 5 17Е•01 323E400 1351 0282 

000 3200 3 485E«06 5 054E402 3 836E«02 1259E«03 9264 57 83 106 222 449 0308 9 76E«01 6 09Е +00 15 61 0326 

1556 6000 5 153Е+06 7 474Е +02 6 443Е +02 2114Е +03 8155 5091 78 162 187 0126 1 64E+02 102E«01 1877 0392 

2000 6800 5 726Е +06 6 305Е+02 7 5556+02 24796403 7727 4874 70 147 122 0083 1 94Е-02 1216001 2004 0419 

cp 3104 8787 7 383E 406 1071E«03 1615E«03 5 299Е 03 466 1 29 10 32 066 ow 0 000 4 66E+02 291E +01 3160 0660 
Carbon Owuhde CS, M = 76531 Zo = 0.276 

ір 11204 -16967 1 5286200 2 216Е-04 1 088Е-04 3 567Е-04 14330 89 46 3489 7? B6 5277 3616 8 68E-05 542£-06 666 0143 

-10000 -148 00 7 870E400 114E-03 5 559E-04 1 856Е -03 16186 6856 2459 51 58 5084 3483 4 16E-04 260E-05 271 0145 

-8000 -11200 7 ЗА6Е +01 1 065Е-02 5 376Е-03 1 763E 02 13942 8704 1530 3185 4765 3 266 348Е-03 2 17E-04 755 0158 

50 00 -76 00 4 351Е+02 6 310Е-02 3241E-02 1 063E-01 13683 85 48 1037 2166 4451 3050 1 87Е-02 117603 so? 0167 

-40 00 -40 00 1 B4BE «03 2 680Е-0% 1 4036-01 4 601Е-01 1343 8 8389 751 15 69 41 40 2837 7 26Е-02 453E-03 851 0178 

-2000 -4 00 6 119E+03 B 874E-01 4738E 01 1 55<Е +00 13176 8225 573 1196 38 33 2 626 221E-01 1 38Е-02 304 0189 

000 3200 + 673E+04 2 427Е +00 {1 323Е +00 4 337E «00 1290 7 8058 454 949 3529 2418 5 6&Е-01 3 53E-02 957 0 200 

15 56 6000 3 295Е.04 4 779Е +00 2 649E400 8 666E «00 12692 7923 388 B10 3296 2258 1 05Е-00 6 57Е-02 1012 0211 

2000 6B 00 3942E «04 5 717E«00 3 184E400 1 044E 401 12630 78 85 372 777 3230 2213 1 246400 7732.02 1028 0215 

4000 104 00 8 248E404 1 196Е+01 6 818Е +00 2 236E «01 1234 3 7? 05 312 553 2935 2011 244E.00 1 52Е 01 1100 0230 


Continued on next page 


tp -Irpls poit, nb p. « normal boiling poit, c p. » critical point 


Fluid Properties 
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Table D.1 Critical and Saturated Properties of Selected Fluids (Continued) 











Temperature - T 
[ kom? | шм | Разәс 10° |ы ѕест? > 10 мт [| туо | кут | oee | T ELA SEES 

Chiorine С М = 70.906 2e 3 0.275 

tp 10103 -149085 1 366Е +03 1981E-01 8 087E 02 25526-01 17229 10755 962 2004 37 93 2599 6 78Е-02 4 24Е 03 509 0169 

-8000 -11200 7 605E +03 1 t03E+00 4 633Е-01 1 519Е+00 16746 10454 747 1560 3441 2358 3 WEO 2116-02 910 9190 

60 00 -76 00 2738E«04 3971E«00 1717E400 5 630E«00 16270 10157 612 1278 3t 09 2130 1:11 +00 6 91E-02 1006 0210 

-4000 -4000 ? 709E -04 1 1180401 4 906E «00 1 6356401 15774 9848 516 10 78 27 80 1905 287E«00 1 79Е-01 13 02 0230 

nbp -34 03 -2925 10136.05 14706401 5517E«00 2170,0: 15622 9752 493 10 29 2682 1838 3.69Е-00 2 30E-01 1% 30 0236 

-2000 40 1 809E 405 2 624E+01 1210E«01 3967E«01 15255 9524 446 930 2453 1681 6 29Е-00 392E-0t 1198 0250 

000 3200 3697£«05 5 36ЗЕ»01 2 565E+01 8410501 14709 9182 39% 518 2131 1450 1 28401 7 99€-01 1296 027) 

1556 6000 5983€ «05 86776401 4280E«01 1 404E«02 14260 8902 356 747 18 82 1290 t 88bE«01 1165-00 1373 9287 

20 00 6800 6 795E «05 9 855E.01 4907E«01 1 609Е-02 14126 8820 349 729 1811 124 2 26E+01 1415 +06 1397 0292 

4000 104 00 3 149E406 1 667E 002 8681E+01 2 В47Е-02 13503 8430 315 658 1497 1096 3 84E+01 2 40E-00 1506 0315 

50 00 140 00 1 B19E +06 2638E02 1 447Е +02 4 747Е+02 1282 0 8003 287 599 1187 0813 6 00E+01 3755-00 1625 0338 

80 00 176 00 2731Е-06 3 961E«02 2311E+02 7579E«02 12053 7525 264 55 58. 96 $10E«01 5885t«00 17 65 0,369 

10000 21200 3 927Е.06 5 696Е+02 3 592Е+02 1 176Е +03 11156 6964 244 510 5 89 0 43 1 Э6Е+02 849E«00 1945 0406 

12000 24800 5 454Е +06 7 911Е+02 5 561Е+02 1 824E-03 1000 6 6245 227 474 305 0209 2 08E+02 129E+O1 2221 0464 

14000 284 00 7 360€ 406 1 OB7E+03 9 444E 402 3097E403 795 1 4964 213 444 044 0030 4 05Е-02 2536-01 3177 0 663 

ср 144 00 291 20 771%Е506 1 118Е»03 1373E«03 4 5028+03 5730 3577 ә 090 000 0000 5 73Е+02 3 58Е+01 4314 9901 
Chiorodfiuoromethane (R 22) CHCIF, М - 86450 2с - 0.274 

tp -16000 25600 1 675Е.0* 2 B64E-05 1 71E05 3872E-05 1706 2 106 52 2779 5804 3997 2739 181Е%5 1 13E-06 143 0030 

44000 -22000 1 2506-07 1814E-03 7 680E-04 2516Е-03 16611 10370 1650 34 47 36 09 2473 9 77Е-04 6 10Е-05 376 0078 

12000 -19400 2 333E+02 з 384202 1474E-02 4 835E-02 16146 10078 1058 221% 3229 2212 158E42 9 89Е-04 561 0117 

-10000 -148 00 2073.03 3007E-01 1 346Е-01 4 415Е 01 1570 8 96 06 727 1519 2858 1 958 1 25Е-07 7 79Е-03 7% 6348 

B000 -11202 10МЕҢ4 149500 — &S33EQ01 — 2274E«00 15168 9469 531 1108 2497 inm 5 59E-01 34-2 827 0173 

50 00 -76 00 3749E+04 5 438E«00 2 614E400 8573E «00 14631 9134 409 853 2145 1470 1 66E+00 116Е-01 925 0193 

nbp -40 B2 4142 1013Е +05 1 470Е +01 7 337E+00 2 406Е «01 1408 B 87 95 331 692 18 20 124 57%Е+00 2 94Е-01 1010 0211 

-4000 -40 00 1053E405 1 S27TE«0t 7 636Е +00 2 504£ «01 1465 87 60 329 687 18 06 1238 488E«00 305E-01 1014 0212 

-20 00 40 2 453Е›05 3 558Е»01 1 B59E +01 5 095Е-01 1346 4 8405 275 573 1478 1014 108E«01 675Е-01 1101 0230 

0% 3200 4$79E «05 7 222Е-01 3964E«01 1 300€ «02 12616 8001 236 493 1467 0799 2 13E«01 1336400 1196 0250 

1556 6000 8021E+05 t 163E+02 6872Е401 2 188E «02 1226 6 7557 213 4. 935 0640 3 40E«01 212E«00 1282 0268 

?000 5800 9 101E«05 1 320E+02 7.673Е 01 2 516Е +02 12100 7554 207 432 870 0596 388E«01 241E«00 1304 0272 

4000 104 00 1 534Е +06 2 225Е.02 t 387E+02 4 547Е+02 11286 7046 184 384 594 9 407 $& bAE«QY 415E«00 1433 0299 

8000 140009 2 426E406 3 521Е02 2 404E +02 7 884E402 10303 8432 164 342 3“ 0234 1126+02 6 995.00 15 92 0233 

50 00 176 00 3663 +06 531302 4.181Е+02 1 371Е+03 893 9 5580 123 257 124 004 1 97Е-02 1236-01 1793 0375 

ep 9615 20507 4 988E«06 7 234E+02 9 920Е+02 3 253Е +03 5130 3203 3 064 000 9000 5 13Е+02 320Е+01 30 50 0637 
Смт CHCl, M a 119378 Ze » 0.293 

tp 4352 -82 3⁄4 6 932Е 01 1 005Е-02 4308E-03 1 413Е-02 16415 10248 1786 3730 3865 2650 475Е-03 2 96Е-04 7% 0157 

50 00 -78 00 9 882E+01 1 433E-02 6 164E-03 2 021E-02 16355 10210 1867 3482 3819 2617 6 66E-03 4 16E-04 76 0160 

“4000 -40 00 5 797Е,02 6 407Е-02 3 695Е-02 1 2126-01 1600 5 9991 1174 2451 3543 2427 357Е-02 22303 837 0175 

-20 00 -4 00 2 427£403 3 520E-01 1 58ЗЕ-01 5 190Е 01 1564 6 97 67 873 1823 2269 2240 1 WEDS 861603 907 01% 

ооо 3200 7 884Е +03 1 143E+00 5 265Е-01 1 7276+00 15277 9637 677 1414 3000 2 055 417Е-01 2 60Е-02 977 0 204 

Continued on nexl pago 


tp etrple port. bp = normal boing роіпі ср е critical point 
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Temperature ` T Vapor Fressure-P, Vapor Head-h, - Ph Liquid Density «py 
© J] F Pa | psa m | "TS Tomi? | Pa see «10° [tt seam» 108] Nm nto] bit = 109 
Chiorotorm CHCI, ccontinued) 
1555 6000 t 719E«04 2 493Е+00 Y 171E400 3839E400 14962 9353 559 1108 2792 1913 8636-04 539E-02 1031 0215 
20 00 6800 2 108E +04 э 058Е +00 1444E400 4 735Е+00 1489 7 93 00 543 1134 27 33 1673 + О4Е +00 852Е-02 1047 0219 
4000 104 00 4847E«04 7 030E400 34106400 1118E«01 14504 9055 447 933 2471 1 693 2276400 1 42Е-01 1117 0233 
6000 14000 9 893E+04 1 435E+01 7 158E«00 2 348Е,01 14097 58 00 375 783 2213 1516 4 41Е-00 275Е-01 1187 0248 
nbp 61 15 14212 1013556 14706501 7 345E400 2 409E+01 14072 8785 371 776 2198 1506 4 50E«00 2 81Е-01 1491 0249 
8000 176 00 1 836E 405 2 664E+01 t 370E+01 4 493E401 13673 8535 320 669 19 59 1342 7 85E«00 4 90E-01 1259 0263 
10000 21200 3 159E405 4582E«01 2 435E«01! 7 989€ «01 13229 8258 27 579 1710 1172 1 REI 8 22Е-01 1333 0278 
12000 24800 500905 74ЛЕ01 4085.01 13406.02 12761 7966 242 506 1466 1005 2 ?28E«01 1426-00 1412 0.295 
14000 284 00 7 8606+05 1140E 02 5 538Е 0% 2 144E402 12262 7655 214 447 1229 0842 352E«O1 220E«00 1496 0313 
360 00 32000 1 1606-08 1 66ЗЕ-02 1 010Е-02 33116-02 11726 7320 190 397 998 0684 5 10E «01 320€«00 15 66 0332 
180 00 356 00 1 656E+08 2 402E402 1 517Е+02 4 974Е +02 11138 6953 170 ass 775 0531 6 MEO 424E«00 1685 0352 
200 00 392 00 2 298Е +06 3339E402 2 23аЕ +02 7 339Е+02 10477 65 41 153 319 561 0384 928E«01 579E«00 1803 0376 
220 00 428 00 3211 7E +06 4521E+02 3278E402 1 075Е+03 9701 60 56 1% 28a 359 0246 124E402 7 ?6E«00 19 46 0 407 
24000 465400 4 147Е +06 6 01502 4 563Е +02 1595E403 8599 54 31 124 260 173 0118 1B1Es02 1136-01 2190 0 457 
26000 50000 5 4306+06 7 676Е.02 8104Е-02 2658Е03 6836 4268 143 235 017 0012 329E«02 208E«0t 2964 0619 
cp 263 25 505 85 5 472Е +06 79%Е +02 1 118E«03 3 665Е+03 4995 3118 42 ова 000 0000 4 99E402 3328401 4232 0864 
Chioropentaltuorosthane (R115) CO4 М = 154.467 Zc - 0.277 
tp -10615 -15907 1 172Ё+03 1 700Е-01 6 790Е-00 2 228E-01 17601 109 88 1745 345 2374 1627 131£01 8 16Е-03 593 0124 
-10000 -148 00 2 066Е-03 2 996Е-03 1 208Е-01 3 967Е-01 17422 10876 1465 3059 2281 1563 2226-01 139E-02 644 0135 
8000 -1200 1 023€ «04 1 484E+00 6 202E-01 2035Е +00 15822 10502 895 18 70 1985 1360 8 96Е-01 6 22Е-02 802 0167 
4000 7600 3 543E+04 S 129E+00 2 232Е-00 7 322Е+00 16190 107 07 600 12.54 16 96 1162 3 36Е 00 1 МЕ-01 92 0192 
000 4000 9М7ЕЫМ 14265.01 6474400 — 2124E+O1 15509 96 82 4n 900 1414 0 969 520Е+00 512Е-01 1018 0213 
nop -39 1t -38 40 10136405 14706-01 8 672Е-00 2 189Е»0! 1548 5 96 67 425 885 14 03 0961 B51E«00 5 32Е-01 1022 0213 
-20 00 400 2218806 32176-01 3450601 5019Е+01 14787 92 31 326 681 nu 0782 179Е•01 1 126400 1107 0231 
000 3200 44206056 64116-01 32266-01 10%Е-02 13974 8724 257 537 672 0597 351E+01 2196+00 1201 9261 
1556 6000 70416-05 10216402 538E) 17716402 13299 8303 220 458 572 0461 561E«01 350E400 1286 0269 
20 00 66 (0 7 966E+05 1 155E+02 6 206Е +01 2 036E«02 13089 871 те 435 617 0423 6 з6Е+01 3 97Е-00 1313 0274 
4000 104 00 1329E«06 19286402 1 126€ +02 3694E«02 1204 1 7517 184 343 376 0257 VANE +e 6 95Е+00 14 56 9304 
6000 140 00 2091E«06 3032E.02 1991E402 & 533€ «02 10706 66 B4 115 241 161 0111 196 E002 1 226001 16 90 0353 
cp 79 94 175 B9 3 155Е +06 4 576Е +02 5 243Е +02 17226403 5131 38 28 29 960 090 a 000 6 13E+02 3836401 2870 0549 
Chiproriñuoromethare (B-13) CCF, M = 104459 Zo = 0.276 
tp -18115 -2М07 4 088Е-01 5 929Е 05 2236E-05 7 336Е 05 1064 5 116 39 7803 162 97 3166 2169 5 58E-05 3 49E-06 299 0062 
-18000 -292 00 5 613Е-01 6 140Е-05 30766-05 1 009Е -04 1860 8 11616 7234 151 08 35144 2154 7 57Е-05 4 73Е.06 307 0 064 
-16000 -255 00 45136001 65536-03 2 565Е-03 8 416Е-03 1796 0 11212 24% 5176 2767 1 896 502Е-03 2136-04 458 0096 
74000 -22000 8 600Е +02 1 247Е-01 5 070Е-02 1 683Е-01 1729 8 107 99 1172 24 47 2400 1645 8 116-02 5 07Е-03 60 0127 
-12000 -184 00 5 988Е-03 10136400 4 268Е-01 1 407Е +00 1661 5 10373 673 1407 20 48 1 402 572Е-01 360E-02 745 0158 
-10000 -14800 3311Е+04 4 602Е+00 2 122Е+00 6 9645 +00 15906 99 30 440 919 1703 1167 ? 45E400 553€-0t 873 9182 
nbp $145 446 1013+05 14706-01 6 916.00 2228Е.01 1521 3 9497 321 670 1398 0958 6 94E400 433E-01 960 0205 
B000 -11200 1094200 — 1587E-01 — 7362E.00 — 2416E«01 15157 9452 314 656 1375 0942 7 46Е+00 4 66Е-01 990 0207 
5000 -76 00 2 818E+05 4.067Е 01 2 002Е-01 6 568E+01 14354 8961 239 498 1063 0728 182E«01 1146.00 110: 9230 
4000 4000 6070E«05 8 804E«0t 4 595Е +01 1 508Е-02 13469 8408 190 397 769 0527 3 83E+01 2 39-00 1203 0251 


Contnued on next page 
tp = trple pot nbp = normal boing point. cp «e cnilical point 
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Table D.1 Critical and Saturated Properties of Selected Fluids (Continued) 


Temperature - Т Vapor Pressure-P, Vapor Head-h, = P/y Liquid Viscosity - pu Vapor Densiiy p. Vapor Viscosity - u; 
°C L F Pa | реа т Pa sec x10° Jibi seam? < 105] Мт x10? | erm is Ibm? ibt sec/tt? = 10° 
Chlorotnfivoromethane (R-13) CCIF, (continued) 













Liquid Density - p, 








+2000 -4 00 1 148E+06 1 665E402 9 400E «01 3084E«02 1245 1 7773 157 328 497 0341 7 35E«01 4 59Е „+00 1329 9278 

009 3200 1 973E +06 2 8626,02 1 799E +02 5 902E 002 11183 69 В1 130 272 255 0175 1 35E+02 8 43E«00 1511 0316 

1556 60 00 2 566E+06 4155E«02 2 967Е+02 9801E«02 9752 6107 91 +90 095 0 085 2 23E +02 1 39E+01 1712 0358 

2000 6800 3171E+06 4 5995-02 3511E+02 11526-03 9208 5748 77 16% 957 009 2 84E+02 1656-01 1782 0372 

cp 2B 80 85384 3 M56E«06 5 607Е +02 6 822Е +02 2 238Е +03 5778 3607 ?9 060 000 ооо 5 7ВЕ+02 361Е.01 28 90 0604 
Сусоһехале С-Н М = 84.161. 20 = 0279 

tp 654 437 5357E«03 7769E-1 6 919E-01 22706-00 7894 4328 1212 25 32 26 91 1844 1 94Е-01 121Е02 697 0146 

1556 6000 8441E«03 1 224E 400 1101E«00 3$ 614E«00 7815 4579 1031 2153 2580 1768 296E01 1 85E-02 718 0150 

20.00 68 00 1 O43E +04 15136-00 1 368E+00 4 48BE+00 7776 4854 955 1994 25 26 1731 3 60Е-07 2 25Е-02 728 0152 

4000 104 00 2 474E«04 3588E«00 3 322E+00 1 0906-01 758 5 47 4 695 1452 2285 1556 8006-01 4 99E-02 775 0162 

60 00 14000 5 188E«04 7 $24E«00 7 141E«00 2343E401 7408 4525 525 10 96 20 49 1404 158E«00 9 МЕ-02 822 0172 

6000 176 00 9 856E«04 1 430E401 +.393Е+01 4571Е+01 7213 4503 409 854 1518 1248 2 83E«00 1 76Е-01 569 0181 

nbp 6072 17730 1013.06 % 4706401 1 434E+01 4 704E «01 7206 4499 406 847 1810 1240 2 90E+00 1 ӨЗЕ-01 871 0182 

100 00 21200 1 729Е 05 2 508E+01 2 S16E+01 8 254Е+01 7010 4376 327 683 1593 1 092 4 90Е+00 306E-01 917 0192 

12000 24800 2 844Е+06 4 124E+01 4267E401 1400£402 6796 42 42 267 558 13 75 0942 7 96Е-00 4 98E-01 966 0202 

140 00 20400 4434505 6431-01 6 8B3E«Q1 2 258E+02 556 э «0 223 455 1163 9797 1 24E«01 771691 1018 0213 

16000 32000 6561705 9596Е.01 1066Е02 — 3499E+02 632? 3950 189 394 958 0657 16450 ELI 1073 0224 

16000 356 00 9,5236 1381E402 1 601Е%02 § 2826402 606 5 3787 162 339 763 0523 265E«01 1 66E+00 1133 0237 

200 00 39200 1 329Е +06 1 928E+02 2347E.02 7 700E«02 5776 36.06 141 295 578 0396 378E«01 2 ЖЕ +00 1202 0251 

220 00 428 00 1 8106-06 2 625Е+02 3 38?Е+02 1111E«03 5445 34 01 124 260 403 0276 5 33E«0! 3336+00 1287 9269 

2000 4400 2411655 34985502 4863Е02 1596403 5057 3157 111 231 243 016? 7 55E+01 471.00 1403 0293 

260 00 500 00 3 157Е +06 4 578E+02 7 096E«02 2328E403 4536 2832 99 208 103 0071 1 09E«02 6 82E+00 1589 0332 

ep 26039 536 70 4 075Е +06 5 910Е,02 1 520Е-93 4987E+03 2734 1707 29 061 090 0000 273Е+02 171601 2835 0613 
Oschiorodsucromethans (R12) CCF, M = 120.914 2с 50.200 

tp 158400 -2524 9%?Е02 %М9Е06 5.226Е-08 171595 18149 11330 8190 171 06 3697 2533 117E45 7 396-07 565 0118 

74000 -22000 4 966E+00 7 202E-04 2.856E-04 9 369-04 17731 11069 35% 76 83 3387 2321 5 42t-04 3 39E-05 529 0131 

-12000 -18400 1 137E +02 1 650E-02 6 722Е-03 2 205E-02 17254 10771 1685 3937 30 50 2 090 106E40 6 74E-04 596 0148 

-10000 -144 00 1 174E+03 1 703Е-01 7 134E-02 2 341Е-01 16780 104 75 1127 2354 2721 1554 9 63E<2 6 17E-03 767 0160 

8000 -11200 6 160E +03 8 934E-01 3 864E-01 1 268E+00 16255 10148 750 1566 23.99 1644 4 66Е-01 291Е-02 8% 0175 

%0 00 3600 2 259Е +04 3277E+00 1 466E «00 4 809E+00 15715 9611 538 1125 2087 1430 1 58E400 8 76Е-02 911 0190 

4000 4000 6 415E «04 9 304Е +00 4 316Е+00 1 416E«01 15157 9462 409 855 1784 1220 4 12Е+00 2 67Е-01 Bas 0206 

nbp -2978 -21 62 10136-06 1 4706.01 5 951Е-00 2 261Е01 14853 9279 362 758 1633 1449 6 30E+00 394E-01 1016 0212 

-2000 400 1 510Е+05 2 190E+ot 1 057Е,0ї 3487Е•01 1457 4 90 35 325 676 1492 1022 9 15E+00 5 71Е-01 10 64 0226 

000 3200 3 009.05 4 4795501 2 257Е.01 7 404E«01 1395 6 8712 267 557 1241 0830 1 60E401 1 326400 11 53 0247 

1558 6000 4996Е.06 7248Е.01 2790601 1 2446.02 13461 8391 233 487 1002 0686 2 B5E+O1 1 76Е+00 12 44 0260 

2000 6800 5 674E405 8229-01 4 354E+01 1 429Е-02 13287 62 95 225 470 9 43 0645 3 22Е+01 201Ё+00 1261 0 263 

4000 104 00 9 594E «05 1 392Е +02 7 802Е.01 2 560E+02 12539 78 28 194 405 6 91 0 473 5 45E+01 34-0 1348 0282 

6000 140 00 1 S21E +06 2 206E+02 1 330Е +02 4 3526-02 1166 6 7283 170 355 457 0313 8 BBE+01 555E«00 14 82 0310 

8000 17609 2 295E+06 3 329E+02 2 214Е»02 7 264E «02 10572 6600 141 293 24 0169 1 44E402 901E«00 16 93 0354 

100 09 21200 э 340Е +06 4344 +02 3790E«02 1244£«03 896 6 56 09 96 200 0.70 0048 251Е+02 1 57Е +01 20 16 0 421 

ср 11180 23324 4 125Е +06 5 983Е-02 7 5Э6Е +02 2 473Е-03 5580 3483 3 065 оо 0 000 5 58E+02 3 48£+01 3102 0648 


1p =trple pont, nb p © normal boring point, c p = critical port 
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C Pa T Ip 
— H — - -—- - 
Бғале {Н 170) СН, M = 30.000 2c = 0.204 
12 1828C -29704 * 3ME«OC 1640-54 1769E-04 5 803E-04 6519 4072 1303 27 22 27 03 * 552 4 55Е-05 284E-06 083 0013 
"9000 2920€ 2315E«0€ 3 357Е-04 3637Е-04 1 "93Е-03 6488 4051 1160 2423 26 69 * 529 9 СЗЕ 05 5 648.56 os 0019 
“90% 25600 1 260€£402 1 828Е-02 2 05CE-2 6 726Е-02 6269 3914 592 12% 2421 5659 403E43 2 52Е-04 250 0052 
“4002 -22000 18555203 26916-01 31296-01 1027E«0€ $046 3774 365 761 2172 1 489 5 04602 315E<5 3” 0079 
52002 -18400 1258E-04 1 8266400 22075.00 7240Е +00 5818 x 32 252 527 t9 24 1318 2 99E-01 1 O7E02 47 0100 
"0002-4800 5238E«04 7 S98E+00 9 5716+00 3140 558“ 34 84 тва 395 1674 5147 % 12Е-00 898502 5% 017 
nop 69 6С 12748 10136405 1 4706-01 1 8995.0: 6 230659“ 544“ 3397 163 3“ 1532 * 050 208E«00 1 28Е-01 599 0125 
4000 -11200 15756405 2 285E«01 3013550 9 956E.0* 5332 3328 148 309 1425 0976 309E«00 1 9ЗЕ-01 6x 0132 
жж 76 00 3 789506 5496601 7 831Ё+0\ 2 5045-02 5063 3161 120 251 1174 с 805 7 0o3E «06 439E01 700 0146 
40 06 40 00 7777Е-05 1 1286402 5 02 5 458E«02 4766 2976 % 208 s a ce 1 40E+01 & 7 EA: 778 9163 
2000 40 1 4206 «06 2 OB2E C2 3320t.02 1089E«03 4367 2726 a * Ба 6?” 0 480 2 59E«€1 1 628+00 8% 0175 
900 3200 2367E«05 3452E4C2 6 С78Е+02 1 994Е .03 400 4 25 2с 63 ME 4:7 0 206 4 а2Е-С1 2 88E+00 99. 0207 
15 58 60 00 3416-26 4 954Е +02 9 798Е+02 3211Е•03 3559 2222 48 “C1 2% cle 7 a1 oot 4436.00 1163 0241 
2000 69 00 3 763E+06 5 458E C2 ‘REDI 3 714E 003 3%9с 2116 44 с93 561 enc 8 63E+01 5 39Е +00 uv e 0259 
ср 32 2? 9009 4 880E406 7078E«C2 2 448E «03 8 032E+03 2033 1269 22 C45 оо 0000 2 03Е+02 1276+01 2168 0452 
Ethanol CO M : 46.069 ге: 0.240 

tp 414100 003% ? 178E-04 1941E<? 6 126Е 06 2 6668-07 90€ 7 5623 102877 2148 63 329) 2256 2 50Е 06 ` 56E<%9 512 0107 
30000 314800 + 372Е-02 1 991Е06 1572E-00 5 157Е-06 093 5% 48586 972 96 3184 2182 4396-07 2 746-08 556 0116 
8000 11200 4099E<1 5946Е-5 4776E 05 1567E-04 8752 54 64 16431 385 98 x 32 2077 1:8E05 734E07 6% 0129 
4000 7600 6 171E«00 & 950E-04 73'9€-04 24-Е03 6597 53 67 %708 18° 88 2876 “972 1 606-04 1 00Е-05 679 0142 
4000 -40 00 $ 809E -21 8135Е<3 6 779Е-03 2224Е-02 ыз? 5267 4652 9? `5 22 1! 865 4 3зе53 8 33Е-05 7% 0154 
+20 00 4% 3 481E+C2 5 048Е-С2 4291Е-02 1408E-01 627° 5163 2729 58 99 25 63 1755 7 MEDI 477Е-4 799 0167 
со 320€ 1 608€ «C3 2 332E41 2 025Е-0: 6 8A3E 1 809% 5056 UD 35 89 2403 1 647 3 26Е-с2 20%Е-03 857 0179 
1558 60 OÇ 4906-03 6512Е-01 5 752Е-0° 1 8675.00 796 с 49 69 5248 2603 2277 “м0 è 69E -02 5 42Е03 902 0188 
2 00 6802 58476-63 В8538Е01 7 5808-0: 2 4878.00 79% 49 44 1143 2387 2240 1535 1526-01 701E-03 915 01% 
а (к "900 176964 2 594E «00 2 3596 «0C те 773° 4826 795 4657 2675 ` sae St 2ç:E<2 2% ox 
490 54000 46716604 6 77SE+00 6 322E«0C 20742201 7534 4203 $69 ы 19 06 1306 7 95Е-01 497EL2 54930 02:5 
пру 78 29 57292 10: 36.06 1 470601 1407E«01 4618E«0* 7343 45 84 4» 897 1749 * 199 1 656.00 5 ӨЗЕ-01 59682 0226 
80 00 176 00 1 O77E +08 1 $4626.01 1 SOOE «0* 4920€40: 7325 4573 4% 875 1734 1м 1746-00 t 096-01 10087 0227 
*00 90 21209 2 240E +05 3248601 3216E«0: 1 OSSE C2 7102 4433 us 657 1559 1 068 351E«00 2196-01 1145 0239 
120 20 248 00 4 270Е +05 6 193Е+01 65 345Е,01 2062Е +02 6%“ 4283 240 502 1378 0 944 6 58-00 &11Е-01 "225 0252 
140 20 264 00 7 S63E +05 10978+02 1 169E+02 3834E+02 653% 4120 16 38 11 92 0817 115E«01 ? 39641 1267 0265 
160 20 32000 1 255Е +06 1 825Е.02 2 035E+02 6 675Е +02 627 39 37 148 363 1000 0885 1 92Е «01 1 206200 1334 0279 
18020 356 09 1 984E406 2876E«C2 3 368E402 11115-03 59? 2 3728 14 238 7% 05? 3 12E+01 194E400 1413 9 295 
200 20 592 00 2 988E «26 433E«02 5 468E«02 3 794£403 558 34 77 90 `... 585 04 50860 317Е-00 1516 0317 
22020 428 00 43'7E«06 6 261Е•22 8 749E «0€ 2 870E «02 503: 341 71 * 48 351 024 6 54,01 5 33-00 1687 0352 
24020 46402 6 024E «26 87.22 1 554E «03 51005-03 3%” 2467 56 “8 ces coo 1?2E402 107E«£1 22 *6 9463 
<р 24310 459 58 6 384Е +06 92586-92 2 358Е +03 77388.02 eec 1723 54 454 с00 90 2 76E +02 1728401 5439 1136 


19 -:TpM port nb p « normal Doing Dont c p өске: ро 
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Table D.1 Critical and Saturated Properties of Selected Fluids (Continued) 








Vac Dena 
Emy Chonde (R 162) CJH,CI м . 64.514 2c - 0275 

1р 5136 35 .217 03 * 166EC1 1 691Е05 1 118E-05 3668E-05 1263 3 66 36 4847 101 22 36 46 2 498 € 71E-06 419€ 67 4. 0101 

12000 38400 3 296E«00 4 ?80€-04 32ЧЕ5М * 054E-03 *0485 65 33 2542 5309 3442 2358 1 67Е-04 1048-05 5% 0143 

-19000 44600 51345801 7 446Е 03 5094E-23 + 67 Ete 10276 64 15 1470 3059 3220 2205 2 WES 144E04 607 0127 

8000 -11200 4 221Е,.02 6 123-02 4 270Е-02 1 401Е-0* 1908 * 8293 951 19 87 29 97 2064 170E-02 1 06Е-03 6% 0140 

% 76 0 2217503 3215-01 22986-01 7 S08E-01 9878 6167 668 1395 2774 1 901 6 ЖЕФ? 505E-03 737 0 154 

“200 40 00 6 412Е+с3 1 220€ «0€ 8873Е-0: 29'1E«CO 96097 6035 498 1041 2552 1745 242Е-01 176602 502 0167 

22» 40) 2 508E«04 3637E«00 2 707Е.00 6 083Е +00 944 5 58 96 389 815 2329 1596 7 80E- 4487Е<2 867 0181 

соо 32% 6 2276404 9 032E«0C 6 893Е 00 226614 9213 5753 318 $58 2556 1443 1 928.0 1136-01 93) 0*95 

"bp 4227 5409 10136405 1 470Е-0: 1 140E 40! 374 +01 906 3 56 58 261 587 1969 1349 2 мЕ-9 1 7ФЕ-01 973 € 203 

55% 5000 1144.06 1659E40* 1 299€£ 401 4242E40! 9022 5833 273 570 19 32 1324 32cE«00 200E-01 м C206 

2020 68 0 1 343Е 55 1 942550" 5 5276-01 SOEs 8966 5596 263 545 18 42 12% 372E400 2 32Е-01 999 с 209 

“< 20 *04 00 2 595E «05 37646-01 3 040E+O1 9 974Е-<1 8704 5434 224 4% 1659 1137 6 99Е-00 4 ED) 1068 0223 

ec o0 140 00 4 596Е 05 6 666Е .01 5 565Е .01 1 86266402 “22 5257 1% 406 1435 0983 1 186401 7 WEDI 1139 0238 

соо 176 00 7 5958+05 1 1226.02 9 545E«01 3132602 8114 50 65 12 359 wed 2830 THEO 1 19€ 600 1215 0254 

100 50 212 0 1 187E +06 1 7226.02 5 558Е.02 81%16-02 2772 452 154 321 9 87 0676 2 95E.01 5845900 1297 627: 

120 50 24500 1775E408 2 574E+02 2 4526.02 8 0446202 7382 4508 139 2% 2% 0522 4 40Е +01 2 75Е+00 1391 С 290 

140 00 264 00 2 5596.06 37126-92 3 7726.02 1 2386403 6916 43:8 127 285 537 0368 6 37Е.01 3 94E -00 1503 C314 

16600 32000 3 583Е-6 5197E402 57876-02 1 5699-03 6314 3941 117 24 зи 0 213 9 90E «01 47-9 1676 с 350 

180 00 356 0C 4 900€ 406 7 1076-92 9 454E «02 3 1026-03 5285 3299 1% 227 ce 0057 178E«01 116600 4591 0320 

<р 18720 365 96 5 209406 7642E402 1 666Е .03 5 465Е +03 2226 2014 33 9% 000 3900 323E«02 201E401 3280 с“ 
куште (Н! 1150) Суч, M» 328084 Zc . 0277 

1р -6018 27252 5 97Е202 2 RER 2 185Е 02 7 1696-02 6514 4069 693 “. 2943 2017 453b43 2 83Е<4 221 004 

-+6000 -258 00 5 8958 +02 8 560E-02 9377Е-02 3076Е0· 6410 4002 462 965 2751 45 176E- 1 10E-03 270 0056 

400 22006 6 131Е.03 8 992607 1 0146-20 3 327E +00 $166 38 4% 258 538 2342 1805 1 56Е-01 9 74E-03 390 007% 

12000 316420 3 4668.4 5 027Е-0С 5 985E «30 1 $64E401 590 6 38 87 182 379 1949 1335 776E41 4 84E-02 490 ¢ 102 

т“ 450869 15482 1013€ 405 3 4706-01 1 B1GE +01 5960.01 5850 Be 145 309 15 40 1124 2 08E «00 130€01 57% 91% 

"0000 14800 * 256Е-04 1 8226 +1 2 277E 401 7 472E+01 5825 36 12 142 2% 15 72 1077 256E«00 1 56€ 0 5% 012% 

4000 11200 3 401E«05 4 933Е+01 6 517E>O1 2 *34Е-02 5321 39 22 14 2% 1214 0832 5 44Е-20 4 RED 696 0145 

4000 -76 00 7 541Е.05 1094.02 1541E 402 505?E«02 4998 3114 90 196 37 0601 1 39E+01 8 61Е-0! 703 0166 

4000 AC 00 14535-56 2 107Е+02 3 214Е 22 1 0546503 4508 2977 67 14 567 9389 2$7E«01 * 876400 4% 0179 

+2000 4 00 2529.06 3666.02 6 2МЕ-02 2046.03 4135 254 47 098 201 0200 496E«01 3 106200 10 с9 02% 

900 32 9 4 99-06 $ 945E «62 12255403 4 019.03 342 2130 x 062 067 0046 9%2Е+01 6 13E.0C 0 2288 

ср 92: 4558 5 040€ «06 7 3126-92 2 400E +03 7 8736403 2142 13 37 2 046 000 0000 2: 14E +02 1 34E 001 21 60 2457 
metum (A704) не М „4000 ze * 0.202 

tp 27297 45575 5 0396.03 7 29Е 0" 3514Е.00 115369: 1482 LE 4 008 030 0 02с 18E«00 7 35E402 959 0212 

nbp 26893 -45207 10136405 1 4706.01 8 2076-Сс1 27126402 1250 re 3 co 9% 0007 * $98.01 1 6ЕЖС 125 2026 

ep 28796 45 31 2275Е +06 32996401 339: 6202 t 093E+03 606 4“ 2 cos 200 0000 6 96E+01 4356-00 243 9051 


1р в Inplepont.nbp encmmalbolng pot c5 ecntcai point 
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Vapor Pressure-P, Vapor Head- Liquid Density - pr Liquid Viscasity - uy Vapor Density - p. Vapor Viscosity - ug 


erature - 
° 





[€ T = TL m T SS P z T * m I ww ra eo Perse Nman p emos [ we ваи Í Pasai forsat 1 


tp. -90 59 
-8000 
“8009 
-40.00 
-20 00 


0.00 
1556 
2000 
40.00 
8000 


8000 

nbp. 98.43 
100.00 

120.00 

140.00 


160.00 
180 00 
200.00 
272000 
240.00 


260 00 
267 11 


ір -95 31 
5000 
60.00 
-4000 
2000 


соо 
1556 
20.00 
4900 
60.00 


nbp 6873 
6000 

100.00 

12000 

140 00 


16000 
180.00 
200 00 
220.00 
ср 23428 


Heptane-n С.Н» 
-131.06 1152Е-01 
-112.00 6.264Е-01 
-76 00 8 796E+00 
-40.00 7.107Е +01 
4.00 3.023Е +02 
32.00 1.515E+03 
$6000 3751E403 
68.00 4.753Е +03 
104.00 1.244E+04 
140 00 2824-54 
176.00 5.726E+04 
2917 1.013E+05 
21200 1.060€ «05 
248.00 1.826E405 
284.00 2.962Е-05 
320.00 4.580Е +05 
358 00 6 805Е +05 
362 00 9788E«05 
428 00 1.371Е+06 
464.00 1.878E+06 
500 00 2 526E+06 
512 80 2.736E+06 
Некале-п СН 

-136.58 8 039E-01 
11200 7 246E400 
-7600 7 158E«01 
-40.00 4.355E «02 
400 1.859E403 
32.00 8091E+03 
во 0 3 3306-04 
68.00 1.832E+04 
104 00 3.745Е+04 
140.00 7.617Е+04 
155 71 1013Е+05 
176 00 1.409Е +05 
21200 2417Е-05 
248 09 3903E«05 
284.00 6 008Е +05 
320 00 B 894E«05 
356 00 1 276E+06 
392 00 1.785E+06 
42800 2 447E+06 
45370 3012E406 


1.871Е-05 
9.065Е-05 
1.276Е-03 
1.091Е-02 
55442-02 


2.197E-01 
S.440E-01 
5.804E-01 
1.804E+00 
4 096Е-00 


8 305Е-00 
1.470E+01 
1536E«01 
2.548E«01 
4297E«01 


6.642E401 
9 870E«01 
1420E «02 
19886402 
2.7236 602 


3663E+02 
3 968Е-02 


1.166Е-04 
1051E-03 
1 038E-02 
6.317Е-02 
2.®97Е-01 


8.634Е-01 
1 930€+00 
2367Е.00 
5431E400 
1 105€ 901 


1470€«01 
2 Q43E «01 
3505E+01 
5661E+01 
87146-01 


1 290E+02 
1 851Е+02 
2 589E402 
3549E«02 
4 369Е.02 


M = 100203 20 = 0.263 
1.519Е-05 4984-05 7731 48 26 3850 80.41 
8.346E-05 2 738E-04 7653 4778 2570 53.68 
1.197 E-03 3 926Е-03 749.5 4578 1450 30 49 
9.879Е-03 3.241Е-02 7335 45.79 965 2015 
5435E-02 1.783Е-01 7172 4477 ees 14.39 
2.205E-01 7235E-01 7005 4373 526 1298 
5.564E-01 1.826400 6874 4291 433 905 
7.090E-01 2 326E400 6836 4268 44 865 
1.903Е00 6.245Е-00 666.5 4161 338 708 
4 436Е+00 1 455Е +01 6491 4052 281 587 
92545-00 — 3035E«01 6311 39.40 236 498 
1 684Е+01 5.527Е+01 6134 3829 207 4.33 
1.766Е+01 5.793Е+01 6124 3823 196 414 
3141401 1031E«02 592.6 36.99 167 3.49 
5.289E+01 1.735Е+02 5711 3565 143 2% 
8.520E+01 2.795E+02 5461 3422 122 254 
1326E«02 — 4351E402 5232 3266 103 215 
2.0166+02 — 6613E+02 4952 3091 87 181 
3028602 9%МЕНО 45 6 28.52 72 151 
4.584E+02 1.504E«03 417.7? 26.08 55 121 
7 450E402 2 444E«03 3457 2156 45 083 
1203E403 — 3.948E403 2318 1447 27 0.57 
M = 88.177 Ze = 0.264 
1.084E-04 3558E-04 756.0 47 19 2084 4352 
9 924E-04 3 2568-03 7445 45.48 1380 26 82 
1 002Е-02 3 260€ 02 7262 4546 892 18 63 
6 242Е-02 2.043Е-01 771.5 44.42 635 1322 
2.729E-01 8.955Е-01 6945 4336 479 1000 
$371 E01 3.009€ +00 6772 42.28 381 7% 
20445400 6.707Е+00 6636 41.43 320 669 
2 523E«00 8 279E+00 6594 4117 307 641 
5 958E+00 1.955E401 540.9 4001 253 528 
1 249E «01 4 088E«01 5218 3682 216 451 
1684E+01 S.525E+01 613.5 3830 204 426 
2 385E«01 7 827E«01 502? 3759 184 383 
4238E«01 1.391E«02 5814 3630 154 321 
7.A23E «O1 2.337E«02 5588 3488 136 284 
1147E+02 3 762Е-02 5343 3536 175 241 
1791E«02 5 877E402 5063 5161 97 203 
2 739E+02 8 987E«02 4751 29 66 и 169 
41716-02 1.368E«03 4365 27 25 66 137 
b549E«02 — 2149E«03 3810 2379 51 107 
1 319Е-03 4 328Е 403 2328 1454 27 057 


tp -tnple point, nb p. »« normal boiling point, c p. » crracal point 


3213 
3095 
2875 
2658 
2445 


2235 
2074 


18.27 
16.29 


1438 
1262 
1247 
10.65 


718 
555 
401 
25b 
130 


025 
000 


3222 
wn 
2786 
25.45 
2309 


2079 
1903 
1853 
1634 
1421 


1331 
1215 
1017 
827 
646 


475 
318 
176 
957 
ооо 


2201 
2.121 
1970 
1821 
1675 


1531 
1421 
1390 
1.252 
1116 


0.934 
о 865 
0855 
0.729 


0.492 
0390 
0275 
0.177 
0089 


0017 
с 000 


2.208 
2077 


1.744 
1.582 


1.424 
1.304 
1270 
1.120 
0974 


0912 
0833 
0697 
0556 
0442 


0326 
0218 
0121 

0.039 
0000 


7 60Е-06 
3 91Е-05 
4 97Е-04 
367E43 
3.82Е-02 


6.70E-02 
1 57Е-01 


mo 
1.04E400 


2.02E+00 
3.46E+00 
3 80E+00 
6.08E+00 
9.79Е+00 


1.516401 
2.24Е+01 
3.30E+01 
4.09E+01 
7 45E+01 


1 29Е-02 
2 32E+02 


4 69E-05 
3 &9E-04 
348E43 
1.94Е-02 
7 63Е-02 


2 33E-01 
4.64E-01 
565E-01 
127E«00 
247E«00 


3 24E+00 
4 42E«00 
7 41E«00 
1.18E+01 
1.82E+01 


275Е+01 
410Е+01 
6.18Е+01 
9.96E«01 
2 33E+02 


475Е-07 
2.44Е-06 
3.11Е-05 
229-04 
1.14E-03 


4 18E-03 
9.83E-03 
123€-02 
3.03E-02 
5 52Е-02 


1 26Е-01 
215E-01 
2.25Е-01 
3.79Е-01 
511Е01 


9.43E-01 
1 40E+00 
2 06E+00 
305E+00 
4 65Е+00 


в03Е +00 
1 45Е+01 


2.92Е-06 
2.43E-05 
217Е-04 
1.21Е-03 
477Е03 


1.45Е-02 
3.02602 
5 65Е-02 
7 94Е-02 
154Е-01 


2 02Е-01 
276Е-01 
4 6ЗЕ-01 
7 WED 
114E«00 


1.72Е-00 
256Е-00 
3.86E+00 
6 17E+00 
1 45Е+01 


358 
3.81 
424 
467 
5.10 


5.53 
5.86 
5.95 
6.38 
681 

723 
7.63 
736 
7.82 
834 


8.97 
970 
10.60 
11.90 
13.50 


1790 
27.10 


369 
4.03 
447 
491 


5.79 
613 
623 
667 
711 


730 
754 
в02 
861 
932 


10.22 
1138 
13.06 
15.86 
27.20 


0.075 
0.080 
0089 
0.098 
0.407 


0.115 
0.122 
0.124 
0.133 
9142 


0151 
0.159 
0.154 
0.163 
0174 


0187 
0203 
0.221 
0.249 
0288 


0374 
0.566 


0077 
0084 
0093 
0103 
One 


0121 
0128 
0130 
0139 
0146 


0152 
0157 
0.168 
0.180 
0195 


0213 
0238 
0273 
0.333 
9568 
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Table D.1 Critical and Saturated Properties of Selected Fluids (Continued) 


Var: Va20t VISCCS: 





Fydrogen-n (R ?92) H, M= 2016 2o » 0.306 

tp 25920 4м 56 7 0426203 12215-50 9337E« 306301 769 480 2? 555 2% 0205 1 24E-01 7 76EO3 065 0014 

nbp 25277 42298 1 O13E 05 1 4706501 1 462Е-02 4797502 707 44 13 с28 19 01% 5 33Е-0 6 WEC2 112 9023 

ер 239908 3999 13166406 1 945.02 4 454Е +03 146°E+04 301 168 4 cos 000 0 000 EI 1042.00 зм 9076 
mydrogen Chiorkie HC! M - 36481 Zc + 024 

tp 11418 317352 1 3506404 3 9585400 1 082E +00 3551E«00 12720 79 41 706 1475 3561 2640 3756-1 2 3-02 764 0164 

+0000 -14800 3 DOOE +04 5 772-0 3 208E +00 10768401 12349 709 5м 1515 3171 2172 RED $ 39€-02 558 0179 

лыр 3500 -12100 10135406 14706401 8 659E«00 2 639E+01 11942 7455 407 849 27 69 1 696 250E«00 1 58Е-01 939 9196 

4000 11200 1 339-085 1 42601 157E 0t 37966401 11803 7368 373 7% 2639 ul 320E«00 200E41 968 9 202 

4090 7600 3 448E«05 50586401 3167620: 1 030Е +02 1122 4 7007 267 558 21 0 14 8 RECO 518-01 1075 9225 

4000 4000 7 5056405 1 102Е-с2 7 305E«01 2 397E «02 1080 2 685% 194 404 1649 1130 * 70E «01 1 08E«00 1107 024 

2000 40 1459.06 — 21186402 1 500E«02 4 920E+02 992 ° 6193 14 294 197 0620 3 2065-01 2 00E +00 1306 0273 

00€ 32 0 25596-06 3712.02 2 8596+02 9356-02 946 81 102 213 782 05% 5 40E«01 3 37Е•00 14 42 9301 

5555 юо 37826.06 5 485E«02 4 S66E«02 1 498E«03 8445 5272 79 * 65 4. 03% 861E+0t 537E«00 1878 9330 

2000 со 4 202E«06 6 095E«02 5 213Е•02 171Е‹03 4% 5» ” 153 413 БЕ 972540! 806500 %624 03% 

«500 164 00 6 S73E+06 PSBWEC2 %714Е-С2 3 197Е 03 6599 4307 52 109 112 907 1 80Е.02 t! E01 1955 9406 

ep 51 50 12470 8 300E +06 12056403 * 883bE «03 6 177Е»03 4500 2809 ә сю 000 0 000 4508.02 281E401 4264 0691 
Mercury Hg М - 200.61 20. 0.37% 

ep 36 93 3759 2 996E-04 4 452-06 223У:Е 06 7 321608 13891 8 85475 2055 4292 400 69 33 564 308E-06 1 93€ 09 2684 0 802 

20 00 400 36603 4838607 2 ROE OS 7 843628 136450 $5193 1847 3858 48510 33240 3 6Е-07 190608 3055 0638 

000 92% 2 7206-02 3957E 06 2045E-07 6713€? 535955 84474 1687 3523 4020 32 994 2 41Е-06 15087 2% ose 

1556 6000 1175641 1 704E-05 8 835Е-07 2 900E -06 135572 545 35 1864 3475 47639 32 м3 9 62Е-06 613Е-07 3382 9706 

2000 6800 1729601 2 S08E-06 1301086 4 270Е-06 55483 64567 1556 xs 47530 32 368 1 426-05 8 89E-07 3423 0715 

4500 104 00 8 626Е-01 * 251E-04 6 517Е 08 2138605 134973 84261 1457 3043 47037 32 331 5 84E-05 4168-08 3809 с 754 

6000 140 00 3536E41 5:29€-05 2681E08 87965-26 134486 639 57 1272 24 55 465 43 3: 892 2 56E-24 1 96-05 3796 0793 

80.00 17800 12326401 1707643 9375Е 05 3 076Е 04 534001 836 54 1X! 22:7 46045 31 553 6 42Е-04 5 25-05 39 65 0932 

100 00 21200 3.745Е+01 5432E «3 2 90t2« 9 384E 04 133516 633 53 124 25% 45551 31 212 2 42Е<3 151E-04 4175 0872 

120 00 245 00 1 015Е-02 1 472Е 02 7 780E 04 2562603 133037 і2% 1189 2483 45052 30 87: 6 18E<3 3 E04 3“ 0912 

14000 264 00 2491Е+02 3613Е-02 19166-93 8 2897Е 93 132556 827 53 1144 2399 445 52 x 528 1 45Е02 9 28Е.04 4558 C2 

160 00 320 00 5 616E+02 8 *«5E-02 4397593 1 «23-02 132040 82455 104 2306 440 50 30 184 3136-02 195603 4751 0992 

100 00 356 00 117603 1 709€-01 9127E-3 ? 995£-02 13663 62: 57 1C70 2235 435 46 29839 627Ё-02 391E03 44 45 1033 

20000 392 00 2 315Е,02 3358E21 1 800E-02 5 906€ 02 131127 516 60 1239 23172 43041 29 492 1 18E01 737693 5' 0 5074 

22000 42800 4 304,03 6 242Е 01 3359E-02 11026-01 13065 1 81565 1012 2113 42533 29145 211Е-1 131642 5338 474 

240 0С 464 00 7614.03 110,00 5 964E-02 * Ф&7Е<' “wre 81296 987 206 420 24 28 796 2 58-01 224-202 5533 1:56 

260 00 500 00 1269.04 1870€«c0 1014Е-01 IREI 29720 50$ 69 964 2014 41513 28 445 5 6401 3 64Е-02 57 30 1°97 

28000 53600 2 099E«04 3 045E «00 1 657Е-01 5 435Е 01 "29224 606 72 944 19 72 410 0 29094 9':8E21 572602 59 29 123% 

ую 00 572 00 302Е.04 4 7ВЕ +00 265641 867960 128747 $0374 926 3934 404 65 27244 Y 96400 6 69-02 62% * 290 

nbp 3695 67451 10135405 14706401 Ore 2 681E+00 127376 795 :9 881 3841 39027 26229 3 89E«00 24x01 65 98 * 399 

400 0С 752 00 2 1026.5 30496.C1 * 697E «00 5 558E«02 126226 708 84 853 17 82 376 79 25 956 ?$7E400 473641 7132 1490 

6000C 111200 23856 343.2 5 972Е 401 6 4758201 521299 757 25 267 1602 324 93 22 265 6 67Е»9\ 4 16E«00 91 92 1920 

800 0С 147206 т 0696.07 1 550623 9 405Е +01 3 086E +02 11584 2 723:6 717 1497 26615 185374 2 59Е,02 162E+01 1136 2373 

ер 1491 65 2717 33 15106406 2 190£404 2799E«03 9 185Е +03 55000 34335 396 825 90% 0000 5 50Е,.03 3 43,02 396 45 5280 


1p etrpié port ctc = "ormalboing pom ср = crea! po m 
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Сог 2855." 











Methane (FR $6) Cr, М. 1603 10-02% 

ір 48248 296 46 11726.04 1705590 2МҢ0 46950 4512 2817 2% 427 1763 12% 2 51Ё-01 157Е02 3% 0078 

318000 29200 15966«04 2350 3 839E 0C 11926401 4480 2797 16 389 1715 1175 3 MEDI 2 00E -02 36 0090 

nbp 16149 -25868 1013E 08 1 4706401 ? 445E«01 8 023E «01 425 2636 114 239 1363 0934 1 &E«00 113801 44 0094 

416090 25600 11465-56 1 6628401 279 E«01 9123640! 4203 2624 11 232 1334 29% 2 04E400 1 27Е-1 453 0095 

7400-2000 442485 6 417Е+01 1160602 3005.02 392 2429 a 169 983 о вас 713Е.00 4 45Е 01 5% 0110 

42000 -16400 1196£408 — 1735E.02 — 3487E«02 11385403 35:8 2196 80 1:25 60 0 413 1 96E +01 11760 62% 9131 

-t0000 -148 00 2002586 3774Е+02 8819Е+02 2893.03 3008 1878 q“ 06 262 01% 44-01 280€400 508 0164 

ep 325 -A66 4595E.08 — 6064E.02 — 2990E.03 — 9482E403 1821 1012 16 034 000 oo 1 62Е,.02 101601 1645 0344 
Methanol CHO М 32.042 20» 0204 

tp (9756 -14361 5 077Е-01 1 562Е-05 1 245Е-05 4 0656-05 ua 5505 14310 2м 7 3136 2149 236E06 1 40607 567 914 

-8000 41200 1 777Е-0 2577E04 2003E-04 6 8356-04 we? 5429 5770 120 50 3010 2062 3 55Е-05 ?21E06 629 0131 

80 00 76 00 2201601 IREN 2731-03 6 9826-05 655 4 5340 3253 6? 2864 1 ж 415E-04 2 МЕ-05 70 0146 

4000 4000 1 794Е.02 2 ю2Е-02 2179E42 7 *41Е<92 640 5 52 47 1893 39 5з 2746 1 661 27-3 1 B6E-04. 77 0181 

20 0 49 9“: 1405-01 119 E01 3 927Е-01 “0 $150 1118 2334 5% 1758 14 9 226-04 oa 0176 

000 3200 INEN $713E-01 4 М0Е-01 1 620 +00 6065 5049 745 1585 242 1 653 5 60-02 3 506-03 911 01% 

1556 6000 1 005.04 т 45.00 + 2966400 4226.00 7967 4967 590 123 2” 157 138E-91 8476-03 ғ“ 0202 

209 66 0 126684 10450 3 656Е00 5434E«00 7%: 4945 555 160 25 1544 171501 107Е02 oa 9205 

4000 10400 353254 512500 4 653Е.00 4 527Е401 273% 4831 4 $936 2096 * 437 4 ӚЗЕ-01 277-902 1051 0220 

5000 14000 844.54 1225-01 1 141E401 374% +01 2М% 4712 358 750 19 33 * 325 101E«00 6 20-02 1121 0234 

nbp 6470 5454 1013.26 1476-01 1 377Е-01 45196-01 792 4683 344 718 1804 12% 1 25-0 7 6302 136 923 

8000 17600 1 0066056 2 620Е+01 2 5086+01 62276401 7345 45 66 299 624 1765 1210 2086-50 1 WE 192 0249 

10000 21200 35966406 — $1155 401 $ 045Е-0\ 16546-02 7126 4449 245 517 1593 1081 39600 2441 1264 0204 

12000 — 24800  8385E.05 — 9202640! 9 45Е•01 3 1028402 68 7 4299 202 422 1454 9969 714500 44-01 4337 0279 

1200 29400 10876406 15766.02 ‹ 673Е+02 5 4006,02 8622 4134 16+ 336 1229 о 842 1 22Е•01 7 E01 1413 0295 

16000 32000 17556408 2546.02 2631Е+02 9 287E«02 632: 39 46 123 256 1034 07% 1 E401 124.00 1495 0912 

18000 35600 2712E.086 3934,02 4634E+02 152403 5969 37 26 $1 190 52% 0587 31960: 1 996400 1568 o2 

20000 300 4 0406.06 5 8606402 7449609 — 2444493 5530 34 52 ы 133 $04 0414 5 06Е‹01 3176400 1704 0356 

22000 42800 56316-06 8 457Е+02 \ 212Ё+03 3975E+03 4907 30 63 2 ow 351 020 8 83E+01 $.39E+00 1893 0395 

ср 293 46297 8006408 11746803 3 033Е‹03 9 950Е +03 2722 1699 т 056 oo 0000 2726-02 7706-01 wes 0561 
Meth Chiorde (P 49) CHO м. 0.406 20-0298 

тр 9772 .14390 8 7396,02 1 264Е-01 7 006Е 02 2 590E-01 5128) 704? $71 1192 3564 2442 IRE 189E03 67 9140 

-000 -11200 40295-03 8м2Е-01 3731801 1 2246400 54010 6873 478 994 30 52 22% 127601 7 %E-03 7% 9154 

00 00 7600 1600£-04 23206-00 4 526Е-00 5206650 1088 8 5671 402 з 2907 1 992 450E4* 2602 ao 0168 

-40 00 4000 4858E-Q4 704550  4706E+00 15706401 10349 646: 350 7H 2567 1759 1 26Е,00 7? 89E-02 4% 9182 

nbp 2422 -11 80 10136405 14706-01 1 026Е +01 3365E901 1007 3 “ы 318 664 2305 15% 255E« 150621 925 0193 

жою 400 1 2106-05 17545-01 12МЕ-0 4 048E+01 $997 6241 ait 5% 2% 15» 2 96Е+00 16-4 9% 0199 

со 3200 2593£405 37816401 27476401 90126001 926 6009 28: 567 1912 13:0 5 09E +00 374601 1010 0211 

15% 8000 43285056 62776401 4734E+01 1553E+02 9322 5420 292 54 1666 1141 9 66Е +00 616Е-01 1067 923 

2000 6800 4956.05 — 7108E«0: 5 474E«01 17966.02 923 2 57 84 254 536 1597 104 1 10E+O1 6 87Е-01 1084 0226 

6000 7:40 8964.06 12576.02 · 00Е+02 32916-02 6209 599 2% 498 1291 0 885 1 89E+01 11800 11% 0243 


Cortmusd on rezt page 


tp «тре роте пор а потта! Беу рони z p e cntical pora 
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Table D.1 Critical and Saturated Properties of Selected Fluids (Continued) 





A oen SS. s= Ts «ees eme 


мету Chloride (R40) CH,O (aontrued) 


оос 1400С 14136406 2049.02 1726Е +02 5 663Е.02 9346 $210 224 44 999 9684 3 20.01 200,0 1256 0262 

$000 17600 2106-56 3161Е.02 2062 93176492 7027 «5 86 197 411 718 9 492 4 90E+01 3 06E+00 1356 0284 

10000 21200 3 220Е+06 4670€£«02 4.543Е «02 1 4826403 72:8 45% 175 365 455 9312 ? SOE +01 4 68E+00 1482 0310 

12000 24800 4583E«08 866626.02 7278E«02 2 388E403 6435 4017 152 317 216 01% 1 206.02 7499 16 82 0347 

140 00 284 00 6.3742 «06 92445-02 4 305Е +03 6 283Е +03 4979 31 06 67 140 019 0013 238£402 1 49601 19 82 0410 

ср 14310 20955 6679 «06 9 6685.02 18756403 8152€ 903 3632 2м 4 056 000 500c 3636402 227Е‹01 27% 0581 
Neon (A 720) Ne М • 20.179 20 • 0.200 

ір 24849 415 46 433.04 6 202Е,00 3540E «06 1.162E+01 12493 77 99 181 316 587 0360 4450 275601 4.60 909% 

nop -24806 -410 89 1 O13E 006 1 4706-01 6 558E +00 2 608Е 01 1207 3 75 37 125 260 47 0 327 9 56E«00 5 87Е-01 465 0097 

ер -22870 37906 2564-06 3854.02 5625E«02 1 545E 403 430 3015 17 035 290 о оос 4 43Е,02 3 02Е+0' 1670 0349 
Nisogen (R 728) N, M20012 2c» 0282 

tp -21000 34800 12536404 18175900 1 472Е 00 4831E+00 947% 5417 x 633 1221 0%? 6 SED 421Е-02 42 0049 

+20000 -328 00 5 0046.04 46838.00 7387E«6 2 424601 827 4 61 65 183 382 ‚65 06% 207555 1790 5% 0106 

nbp 490 -320 44 101555 1 470601 1278E«01 41426-01 4086 5044 15? 327 au 0 600 4O1E +00 2 MEJI s3 0112 

-16000 -292 00 4 070E +06 6 773E+01 6 534E+91 2 144E+O2 7299 45 50 104 218 5“ 0374 1 99601 124£«00 66 901% 

“90 -256 00 1754Е+06  2544E+02 3 000Е +02 9 8726.02 5945 3n a 132 172 0138 6 15Е .01 5 096559 sn 0187 

cp 1495 2325! 3 400£«08 499316402 1 104£403 34296403 3140 19 60 19 0% 000 0000 3462 1901 1919 0360 
Nisus Oude (R 7444) NO M= 44019 zea 0274 

tp оқ 43153 8 785E+04 12746-01 20М4Е50 2350-01 12735 7950 367 247 2443 194 273E«00 170601 өзі 0194 

nbp. ма -127 26 101305 1 470801 831616400 2677Е»01 12661 7904 3⁄4 7% эы 14% 3116500 19Е-01 94 0197 

3000 -11200 1009886 2 421Е+0:1 53374E90* 4 $08E 001 124% 73 29% 625 2194 18503 4 636-00 308E01 99 9297 

4000 2600 4 4008 +05, 6512601 3909€«0* 1283€ 902 1111 731 215 4. 17 48 1196 t REM 7 %?Е-0\ 84 03 0299 

4900 4000 9 9326206 1426802 9 14Е +01 29996-02 1969 664? 154 321 1% 0905 2 58b5901 1 60Е+00 1222 0 255 

-20 (9 400 1 868E406 2707E«02 1 079Е.02 6 164 +02 10130 624 1% 229 916 0 627 4756-01 297€«00 1354 0283 

000 3200 3205806 4649,02 3 579Е +02 1 174Е-03 934 5700 7 162 540 0 370 8 42Е+01 5265.50 1$ 19 0317 

1556 8000 4 0428206 6 733Е+02 5 619E+02 1 909E+03 834 5075 59 123 276 019 1 ME? 85950 17 23 0360 

2000 6800 5 127E«06 7 4%Е‹02 6 720Е +02 2 205E +03 7780 457 55 114 20 0142 1.63E+02 1026-01 1629 0.300 

ep 36 42 9756 ? 245E «06 105:E«03 1 634£«03 5 3626.03 4520 28 22 “q 085 000 0000 4 52Е+02 282Е.01 4073 0651 
Оймо Су M - 114250 242.22. 

1р 4877 7019 25445500 3690-04 3 426Е 04 1124593 7571 4727 21 4419 2906 1991 168E-04 1.08E45 428 90% 

жою 4000 1 520601 2205E-93 2.079E 43 6 025Е 03 7455 4 54 1430 2947 2739 187” 9 «Е-м 5 07Е-05 455 0095 

+2000 400 9 067Е‹01 1 3142-02 1.263Е 52 4 \42Е-02 7314 45 66 967 20 20 25 42 172 5 15Е-03 322-04 48? 0102 

0% 3200 40136402 5 021Е-02 5 709Е 02 1 873Е-01 7168 4475 714 3491 2347 1608 212Е<2 1 32503 520 0109 

15.56 60 00 10856403 1.574E-01 1 569Е 01 5$ 149E-01 7062 4402 576 1:203 2196 1 506 5 42602 3323 545 One 

2000 6 > 140603 2 045Е-01 ? 049E 41 6 7238-01 7018 4381 548 11 40 2155 1477 6 &3Е-02 45-03 554 0118 

«000 104 00 41206-03 5978Е-01 6 121Е-01 2 008Е,.00 6463 42%5 435 909 19 67 1348 ! 90E0* 1 166-02 568 с 123 

6000 14000 1 037Е.04 ` 5048+0C 1 878E+00 $177E +00 8703 464 3% 24 1761 1% 4 EO: 261E 02 62 0*30 

58000 176 00 2 3126204 33538.00 3807E+00 1 1835401 6536 40 60 296 622 15 99 1096 9 49641 5 33Е42 556 0 ‹37 

100 00 21200 4 ЕМ 6761E«0€ 747? E400 2 451E401 6382 39 72 256 535 1420 2971 1 82Е-00 1146491 592 0“ 


Continued on next page 
1р = triple pont, nb p. e nomal bodng pont ср ecrtical poi 
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Ootane-n Co, (ooronoedy 


120 00 248 00 $ 648E«04 12%4Е-01 14276401 46B1E 008 6179 38 58 214 447 1245 0854 324E«00 292601 728 0182 

nop 125 68 258 22 10136405 1470£401 1 687E 401 $534E«0* 6126 3824 206 429 4% 97 0820 31759 2346201 7% 0154 

14000 28400 31 4956-06 21696-01 2 5A7E«Q1 8 356E «0* 5957 37 37 17 369 1275 073? 541590 3388201 768 9160 

16000 32000 2 437E«05 3535E.01 4299E401 14106402 5241 36 09% 151 315 910 0623 5 ОЕ» 537821 $09 016% 

14000 35600 3779.65 5481E«01 89306501 2 274E 202 556 1 34 71 128 268 749 05:3 1 REI 522€€1 680 0180 

20000 39200 5613805 80141E+O1 1076E «2 3530£402 5325 3321 109 228 595 0406 1 96E«01 122t400 926 0193 

22000 42800 8о0з4Е 4% 11856402 18225-02 532%%02 5051 3153 92 92 447 ох ? 88E«0! 1858200 1910 0211 

24000 46400 11155406 1617E+02 2XE« 7 865Е 02 4741 2% 7 5 80 308 924 4 24Е +01 2 65E 600 4120 0234 

26000 500 00 1 504£ «08 2142602 3517E—2 1 548203 43 2 27 23 23 UM 179 9123 6 26-0 з 65.00 1270 0 265 

28000 5% 00 1 965.06 2 876Е 502 5 2096402 * 7398403 3827 2389 49 * 03 068 9045 9 B3E+01 614,00 4529 037 

ep 29568 56422 2 456E«06 3 50бЕ,02 3 092E+O3 3583E+03 2322 1449 26 055 90% 2 000 2 32Е+02 1 45Е.01 26 40 255 
Oxygen (Fl 732) Ms 31.006 10-0499 

tp 24» 3608 1 4805.02 215% 1139E 42 374E42 1306 8 и i» 1753 2% 152 10442 6 4264 4% 9103 

2000 -228 00 т 061Е.04 1 $88E+00 90106-01 2 950E +00 12222 7630 325 вас 1749 1196 5 73Е-01 3576-02 5% 0122 

nbp 8296 -29733 10136.05 147061 2065600 29ЛЕ40і Tuto n2) 194 405 1315 свої 4 48E«00 279€0* 596 9146 

4318000 29200 13675905 1 9 2Еесі 1 2976-01 4 0406-91 1126 1 7030 181 377 12 4 0% 5 RE J OREO) 720 91% 

-16000 25600 67116006 97346441 6731E+01 2 208E +02 10168 6345 123 2% 770 05% 266501 1 636+00 4. 91465 

16000 -220 00 2039.06 2958.02 2 3716202 7781Ё+02 3769 5474 9 129 34 9297 810640 5 06.00 10 82 0226 

332000 18400 4770E408 6 9196-02 8 203E«02 2t91E«03 5930 3702 » 982 013 0008 28E«2 175E«01 1774 037: 

ep 8527. 209142 5045.06 7314.02 11795203 3000 +03 4361 2? 23 26 054 0% 0900 4 3ME« 272E«01 2596 054 
Portret Chu M = 72180 ze : 0.200 

tp 47973 2015 8 295502 ?640€-06 7 1496-06 2 MIE- 7582 421 3400 701 37 2301 3 24Е-06 202607 317 0066 

442000 -184.00 3512601 5 003Е-% 4 783Е5% 1569€04 7486 4573 2110 4 25 3237 221% 201695 1256-06 349 oon 

10000 -14800 6 9766 +00 147Е 9 1 124E 03 3 568Е-0У IR? 4574 1250 26 11 29 92 2050 408E-04 2555-05 з 0061 

-3000 -11200 8 665£<01 + 206E-02 1 262Е 02 4 140Е-02 7164 4473 706 164 2751 1 885 402Е03 29644 4% 0091 

60 00 7600 $ 791E -02 8 400E-02 8 440Е-02 27696-04 5997 4368 584 11 4 25 ‘3 1722 2 39E-o2 1 496-03 402 0101 

4000 4000 2500,03 37096-01 3 МЗЕ-! 12745-50 5824 «260 419 875 27 1% 9 ?8E-02 6106-03 528 0110 

2900 400 6 8216403 12796-00 13546.00 4444E+00 644 4 4145 341 712 2045 1403 306£-01 1 91Е-02 573 9120 

000 3200 242464 3515-90 3858276200 1256€ «01 “5% 40 32 263 591 18 22 1249 7 ED 489602 61% 0129 

1556 8000 4 743€ 404 5880€ «00 7 868€ «00 2518E «01 #07 39 38 249 519 %% 1131 1 4Е 00 9 125-2 653 0136 

2000 6800 5 868E «04 8 206E«00 9211659 3022601 626 3 3910 29 501 16 01 1097 1726400 197Е-01 66 0139 

"bp 3807 9693 10136408 1 4706-01 1 6460 85576401 600 заса 217 454 1427 0976 ? 966400 1 65Е 01 700 9146 

“<o 104 06 116365 1 6875.0: 1 957Е +01 6 4226.0: 6059 37 82 191 39% 1385 0949 PME 2106-0: 708 0:47 

6000 1400€ 2161E«05 3136€40* 377360 :2%5-02 $842 3847 182 338 1175 0 905 6 0Е•-00 376Е-01 756 0:58 

6000 1760C 370.06 8 377Е40: 8$739E«01 2211E+02 sec 3502 136 283 970 065 101E99* 6 31Е-01 616 0971 

400: 2205 5963548 96%” 11358602 3723.02 55% 33 45 114 239 77 0530 1 62E 40° 101E«00 50 01“ 

1200€ 2480€ 9 108E 495 1 321Е +02 1 827Е 602 5 995E «02 508 · 3 72 96 201 Ss 0400 2 52Е+0* 1 57Е.00 944 0:97 

14000 2640C 13336908 19336402 2853E.Q2 — 93806402 4764 2974 “" 64 406 0276 385E«0* 249€«00 2% 0216 

16000 32000 1 905E«06 2 734E«02 4388E«02 1 440€ «03 436 * 2735 68 `3? 20 94 $91E«0* 3 69Е+00 5463 0243 

18000 35600 2 594E«06 37826-02 6 562Е-02 2 251Е +03 3554 2406 s * 05 992 0063 9 35Е+9' 5 04.00 +42! 0297 

ер 14% 38570 3 369€406 4 686Е .02 1 487Е +03 4879.03 2310 1442 27 css 000 0000 231E«Q 1 44£«01 2% 53 0554 


tp eirple port nbp e normal bokng por ср = Creal porn 
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с Г = L > Ioco T + [ = [ w== [ese oc]; 2[ rc ] ШЕГУ ЕСЕГЕ ТІЗЕ 

Potass-um K M x 39.10 Zc = 0178 

1р 6325 145 685 1657Е 24 2 404Е.С8 2 242Е.С0 6 700Е.08 8276 5166 518 1C 82 *C9 G3 7471 2 32Е-09 1466416 642 C 134 

8900 17620 70C4E-94 1016Е.07 8669Е-С8 2844Е-27 8239 5143 48% 16“ 107 93 7 395 9 33€.C9 $82E-0 667 0 139 

100CC 21209 3 300Е.03 4 786Е.С7 4 106Е.07 1 347E-06 8194 51: 16 457 955 *С6 61 73С5 4 16Е.08 2 60E-09 6 96 0 145 

12000 248002 1 326Е-22 1 923Е-.06 10659Е-06 5443Е-06 815 C 5С 88 425 8 95 165 28 7234 1 59Е.07 9 906.09 724 О 151 

14000 284 2) 46506-92 Б 7446-06 5 В50Е-С6 1 919Е.05 8105 5069 403 841 103 96 7 124 5296-07 3 32Е-08 7% C157 

1500€ 32099 "A451E.01 2 104Е.05 1 635Е:05 6 022E.05 806 C $0 32 27% 791 “02 64 7633 1 58Е-06 9 83E.08 ? 83 0 183 

18000 35622 4089t 2! $5930E.C5 5202bE.C5  !707E.04 8015 $003 387 246 56: 32 6 843 4 24€-06 ? 65E.07 812 0172 

20000 39222 10556-00 15306-04 1350E-C4 4 428Е.04 7969 4975 337 ?05 10000 6 852 1 05Е-05 6 $5E.07 84! 0176 

25000 48200 8179600  !186E.C3  1062E.03 3 484E-03 785 5 49 24 295 616 96 70 6626 7 37Е.05 4 62Е.06 $14 C 191 

32000 57299 4417E+O1 £64C7E.C3 5820Е-С3 + 909E.02 774€ 4832 261 545 9342 6400 3 64E.C4 2276.65 988 0 206 

35000 66200 18135,02 2 630Е.С2 2 425Е.С2 7 957Е.02 762 3 47 59 233 487 9c 19 6:74 1396-53 6 61Е.С5 10 62 0 222 

40020 75200 69145.92 6 723E-C2 8 171E.C2 2 58*'E.01 750 5 46 85 210 440 86 80 5948 4 25Е.03 2 65E.C4 11 37 0237 

4590€ 84200 1696Е»0Ҙ3 24456-C1 2327E-C1 7 634E-0° 738 € 46 11 192 401 83 50 5722 1 2Е.02 6 97Е.04 1212 0 253 

50000 93200 4 1258.03 5 982Е.Ст 5 788Е.С` 1 899Е .СС 7267 4536 176 368 80 20 5496 2 s7E.C2 1 61E-C3 12 87 0 269 

55000 *С2200 90348.03 13":0Е.00 1 2896.00 42232Е-С0 714 6 446: 163 34! 76 90 5270 5 34E.C2 3 33Е.С3 13 63 0 285 

62200 *112 30 1 805Е.04 2 Б19Е.С0 256218400 Е 599Е.00 7024 4385 153 319 ?3 69 5043 1 02E-0: 6 34€-03 14 39 9 300 

70000 :29200 5798E+O4 8409E-00 В723Е-00 2862Е.С: 677 8 4231 136 ? 84 6? 00 4591 3 00Е.0' 1 O7E-02 15 92 0332 

nbp 75668 139402 1013Е>05 1 470E+C1 1557E.0* 5 *ОВЕ.С1 6636 4143 128 268 63 26 4335 562Е С: 3 146.02 16 89 0351 

80009 1472 CO * 490E«.05 21626.01 2328E.0' 7 638E«C1 6528 4075 124 258 60 40 4139 7*8E.C* 4 48E.02 1747 0 365 

100000 189250 6 2398,05 9049E+C1 1087E.02  3488E.C2 6c: 9 37 58 1C? 224 47 20 3 234 2 68E +00 5 67Е.01 2561 9 а30 

*20000 219200 ! 750606 2539Е»С2 25245-02 1065Е203 550С 34 33 96 290 34 00 2332 6 65Е.0С 4 28Е.01 23 62 2497 

ср 189985 245722 1670Е.27 2422Е03 5420Е.03 2766Е.б4 202€ 1261 4? 037 oo 2 000 2 02E 602 1 26E 091 4657 9 973 
Propane (A 290) Cth. M s 44090 2с а 0290 

50 -58771 .20588 23094Е-04 4400Е-06 4221Е.08 1 305Е.27 7329 4575 19789 225 34 36 26 2486 1 88Е.08 1 “ВЕ-09 130 2 027 

-'89 00 .292 06 4 275Е:С3 6 200Е.07 60126-67 “7 972Е-26 725 2 4527 6041 126 17 35.3: 2 456 2 43.07 5 526.08 148 0962: 

-160 00 .256 СС 7 584E.01!  ' 100E.04 1 297Е.С4 3 598E.04 75 * 44 02 2c39 4259 32 11 2 200 3 5685-05 222Е-26 199 0Ca2 

:540 00 .220СС 2861Е2: 4 152Е-023 4280E.C3 1 398E-02 6049 4276 1001 20 92 29 15 1997 1 14E-03 7 11Е-25 255 0053 

:52000 -:840С 29406-22 5715Е.02 68246Е-02 1984Е.21 6646 4149 60a 12 69 26 24 1798 1 366.02 8 5С6.04 315 0 066 

210000 .*48 СС 2B!7E«23  4086E.C! 4461E-C*  464E«CC 643$ 40 20 A'B 874 23 38 1592 8 642.02 5 40Е -23 3 8С 0679 

28000 .*12 С0 72826-04 1862E+00 2 1С2Е.0С 6 895E+00 6227 38 88 3*1 6 49 20 57 1410 3 56€.01 2 22Е-52 449 0 094 

6220 .76 00 424CE.04 6750Е-00 2195Е0С6 236!Е+б1 6009 37 52 24. 524 17 83 1222 1 08E«20 6 73Е.22 521 0199 

пор -42C4 -4367 10'3bE.05 * 470Е+01 1779Е0: 5 838E+0! 5807 36 25 196 409 1542 +056 2 42Е„20 155Е-21 590 0 123 

549 00 40 60 1 110Е.95 16'0Е.01ї 19576-0 6422E-C1 5792 3610 "92 420 1515 1 038 2 63€ 09 * 64E 01 597 0 125 

-29 00 :4 00 2448E.05 355'E+O1 &5C4E.0! 1478Е2С2 554 2 34 60 153 322 12 54 0 865 5 52Е.20 3 44E-21 677 Ora 

соо 3200 4 753Е+05 Е 8945.01 9 °73Е-С1 3019E+02 528 4 32 99 123 256 10 03 6 68? ОЕ +21 648Е-21 7 60 c +59 

`5 56 6C0C 744'E.25. 1279E.00  1498E-02 45`5Е.С2 566 5 31 62 102 2% СЕ] 0 557 * 618401 7 01Е»0С 8 52 с +78 

2220 68 00 838'E.05 2216602 17:%С6Е.02 561ІСЕ.С2 4994 3121 9? 293 76 652% * BE 601 * 136-00 874 0%83 

4СС0 12400 1273Е.06 .991Е.02 2695Е.02 5 827Е.С2 4673 2917 76 “59 5 32 С 363 3 03Е +01 % В9Е.09 937 0°96 

6C OC 14600 21226-06 3077E-02 SCEBE+02  !659E.C3 4278 26 70 58 122 3:6 9216 4 965.01 3 106.00 “сас 6217 

8COC 17600 31356.06 4%47Е.02 8%69Е-02 28: 'Е.03 3231 2329 44 091 123 0285 8445.01 827Е.00 |I 6 275 


ср 96 67 2261 4 2428.06 Є '53Е.92 15765.03 64825.09 219C 1367 21 045 осо 0099 2 192.02 1 E401 2140 0447 
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Pa sec x105 JIbf sec/tt? х 108 ЫК x 10° 
Propylene (R 1270) СЕН M = 42060 Zc = 0.269 
tp -185 26 -201.47 9572Е.04 1 ЭВВЕ-07 1 269Е-07 4 165Е.07 7689 4800 13761 287 40 38 38 2630 5496-08 3436-09 377 0079 
-180 00 -292.00 5 994Е-03 8 693Е-07 8012Е-07 2 629Е-06 7628 4762 8310 173 56 37 50 2570  327E-07  204E.08 383 8080 
-160 00 -256.00 1 227Е+00 1 780Е-04 1.69ЗЕ-04 5 554Е-04 7388 4816 2083 4351 34 21 2344  548E-05  342E-06 411 6 086 
-140 00 -220 00 45216401 6 557Е-03 6.435Е-03 2 1118-02 7163 4472 892 18 62 30 97 2122  172E-03  107E.04 442 0092 
-120 00 -184 00 5945E.02 8 622E-02 8 740E-02 2 B6BE.0! 6926 4350 515 1075 2778 1904 197Е-02 1236-03 478 9190 
-100 00 -148.00 4 035Е+03 5 853Е-01 6 1%4Е-01 2012Е-00 6708 4188 352 736 24 66 1690  118E-0! 7 39Е-03 519 0108 
:80 00 -11200 1754Е-04 2 544Е+00 2 761Е+00 9059E«00 — 6478 — 4044 266 555 21 60 1480 4654Е-01 290Е-02 565 0118 
-6000 -7600 5583E+04 8.098Е+00 9 122Е.00 2 993Е+01 624 1 38 96 211 441 18 62 1276 136E+00 — B 46E-02 608 0127 
nbp -47 69 -53 84 1013Е+05 1 470Е+01 1 696Е+01 5 566E+01 509 1 38 02 185 387 16 82 1153 2365-00 1 47Е-01 6 65 0139 
-4000 -4000 14216405 20606401 2417Е+01 7 929Е»+01 599 4 3742 173 357 1571 1077 323E+00 2018-01 6.94 0145 
-2000 -400 3067Е+05 4 448Е+01 5 457Е+01 1 790Е+02 5731 35 78 138 288 12 90 0884 664E+00 4 16Е-01 757 9158 
000 3200 5856E.05 8494Е-01 1096E+02 3 597E+02 5446 34 00 110 229 10 19 0698  124E«0!  771E.01 817 0171 
1556 6000 9072Е+05 1316E«02  1778E.02 5B32E.02 5204 3249 90 189 816 0559 191Е+01 1 19Е+00 873 0182 
2000 6800 1019E.06 1478E.02 2025E.02 6645E402 5130 3203 85 178 759 0520 2145-01 1346+00 B93 0 186 
40.00 104 00  1.652E.06 2395E.02 3533E+02 11596403 4767 29 76 64 133 814 0352  357E.0! 223Е%00 10 05 0210 
6000 140.00 2 5348.06 3675E+02 5979E.02  1962E.03 4321 26 98 46 096 2.88 0197  590E.0!1 368Е,00 1175 0245 
8000 17600 3.727Е+06 5406Е,02 1.034Е.03 229ЗЕ:03 2675 2294 31 0566 091 0062  103E.02 645Е+00 14 23 0297 
ср 9242 19836 46656+06 6 765Е402 2 1296-03 6 984Е-03 2235 1395 24 050 осо 0.000 223E+02 1 40Е»01 2394 0 500 
Sodium Ма M = 22.99 2с = 0.230 
tp 10685 22433 2612Е-05 3 780Е.09 2879Е-09 9 4478-09 925: 5775 B06 16 82 197 12 13507 190Е50 1186-11 8.12 0 170 
50000 93200 5 536Е+02 В 029Е-02 6 782E-02 2 2256-01 832 3 5196 285 595 157 80 10813 2036-03 1 27Е-04 17.56 0 367 
550 00 102200 1452Е%03 2 107Е.01 1 806Е-01 5 924Е-01 8202 51.21 264 552 152 80 10.470 — 504E-03 З 15Е.04 18.76 0392 
60000 111200 3 405Е+03 4.939Е-01 4 296Е.01 14106+00 8082 5045 247 5 15 147 80 10128 1 12Е-02 7 02Е.04 19 96 0417 
65000 120200 7265E+09 1 054Е+00 9.306Е-01 3053E+00 7961 49 70 232 4 84 142 80 9785  229E-02 1 43Е-03 2116 0442 
70000 1292 00  14532E.04 2076E,00 1862E+00 6 109E.00 7840 4894 219 468 137 80 9442 493Е-02 270Е-03 22 36 0467 
75000 1382.00 2636E+04 3823E.00 3482E+00 1 142E+01 7719 4819 208 435 132 80 9100 767Е-02 4796-03 2356 0492 
80000 1472.00 4.578E+04 6 640Е+00 6 144Е+00 2016Е-01 7598 4743 198 414 127 80 8757 129Е-01 803Е-03 2476 0517 
85000 1562.00 7561E«04 1 097Е +01 1 031Е+01 3 383Е•01 7477 4668 190 397 122 80 8414 205Е-01 128Е-02 25 96 о 542 
nbp 88145 161661 1013605 1 470Е+01 1 396Е+01 4 580Е +01 7402 4621 185 387 11866 8199 270Е-01 1 6BE-02 2671 0558 
900 00 1652 00 1 195Е+05 1733E+01 1657E-01 5436Е%01 7356 4592 182 381 117 80 8072 314Е-01 1968-02 2716 0 567 
95000 1742 00 1B18E«05 2636E+01 2562.01 8 405E+01 7235 4516 176 367 11280 7729 4646-01 290E-02 28 36 0592 
100000 1832 00 26726+05 3 876Е+01 4830E+01  1257E402 7114 44 41 170 355 10780 7387 663Е-01 4 14Е-02 29 56 0617 
1050 00 192200 38126405 55296401 5 55906 +01 1 824Е +02 6993 4265 164 343 102 80 7044 920Е-01 5 74E-02 3076 0642 
1100 00 2012.00 5.295Е+05 7 680Е+01 7 В58Е+01 2578E+02 6872 4290 159 333 87 80 670!  124E.00  777E.02 3196 0667 
115000 210200 7 182Е.05 1042602 1.085Е:02 35509Е.02 675.1 4215 155 324 92 80 6359  155E.00 —103E.01 33 16 0 692 
120000 219200 9534E,05 1383E+02  1466E.02 4810Е+02 6631 4139 151 315 87 80 6016 213Е+00 — 133E-01 34 36 0718 
125000 2282.00 1242E.06  1801E402  1.944E.02  6380E.02 5511 40 64 14? 308 82 80 5674 272Е.00 1 70Е-01 35 56 0743 
130000 237200 1 589Е+06 22304Е.02 2 535Е+02 8 317Е+02 6391 39 90 144 309 77 80 5331 3 41Е+00 2 13Е-01 36 76 0769 
1350 00 246200 2 001Е+06 2 903Е+02 3 254.02 10686403 6272 2915 141 294 72 80 4988 4236-00 264Е-01 37 96 0793 
32 00 
1400 00 255200  2485E«06 3604E,02 4118E+02 1351E+03 6153 3841 t38 288 67 80 4646  520E.00  324E.01 59 16 0818 


ср 245985 4459 73  4136E.07  5999E.03  2320E.04 7 612E.04 1818 1135 75 157 000 с соо 1 82Е +02 1 13E«01 75 00 1 566 
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Table D.1 Critical and Saturated Properties of Selected Fluids (Continued) 





Vapo’ Pressu 








Sufw Doude (A 764) 50, M 244.059 202 0.200 

19 17544. 223М4 186.02 294E4: 1004601 ео 1892 120 48 1293 r 4222 2883 6 43Е-02 4С1Е-03 87” 0184 

4900 7600 55406-03 60496501 3590E0! — 11786900 15761 9639 949 19 93 3693 2867 207Е01 129602 952 0109 

4000  .4000  2090£«04  3031E«00 — 1391E«00 — 4565E«00 15316 % 51 tes 1395 3474 г мс 7 18€-01 4 47E02 1046 0219 

-20 00 400 62316.04 00386.00 42795000 1404Е+0! 14848 926% 4? 5917 3083 209 * 97Е+00 1238401 1140 0238 

nbp  -10QQ 136 70585 160587 7078450 2326.01 1480 4 917 Ax 077 2859 1 960 3 08E+00 1 9ЗЕ-01 чє 0248 

200 3200 1553546 22526.01 1103800: 3619601 14352 89.60 364 7% 26 so 1622 4 55E+00 2 MED 1235 0258 

14 950  2860E.05 41496501 20926.01 6 063Е:01 13944 305 293 612 2352 1612 % 32500 5196-01 1309 0273 

99 640 3360606 48736.01 2479Е401 81326-01 13824 95 30 275 575 2% 1553 % 23:50 576E41 1330 0278 

4000 20406 54996,05 94266-01 5000607 146406502 1254 Ru 210 439 1682 1290 1706-01 1 06£«00 1429 с 298 

$020 14000  1148E400 — 1865E«02 — 9268E.0 — 304€ E402 12630 78 65 160 335 1510 19395 3C36«0 1 896+O0 3533 0320 

со 17600  :M3E«08.— 27YE«02 16096-02 52796-02 11934 74 $0 522 255 1:52 079 49789 304E«00 1647 C 344 

10000 21200 2905.06 4214602 26628-02 27%6.02 1132 69 48 зг 593 810 C 555 7 666401 4 79€ «00 17 60 0372 

12000 24800 42606.06 81796502 42016002 “45603 50142 6395 69 145 4 с 335 1 22Е«с1 7 62Е-01 1768 0389 

16000 2400 595,6 990602 692542 2291403 8776 5440 s 107 200 2137 211Е.02 1 32Е.01 2910 0483 

ep — 15760 31568. ?BM4E.06.— 1'43bE«03 — 153E-09.— 50298402 $251 2% » 082 2% сою 5 256002 326E«01 3917 сиг 
Subur Tnoxde SO, м. 60.060 Ze + 0.286 

te 1680 6222 2113.04 206500 11225-00 36МЕ50 59205 "1999 1890 9945 3480 234 7 RELI 436E02 1408 0294 

2000 — 6600 25718-08 37208-00 13736.00 — 4506E400 1908 8 119786 1772 37 02 3412 2 338 B 44EZ1 527Е-02 1422 92” 

4000 10420 409444 11742200: 449860 4785-01 18347 11453 1163 2476 2997 2053 249Е-С 1356-01 1510 035 

nbp 4475 1125585 1013606 147001 567600 156501 16167 1134: 1675 2244 2899 1967 307E«€ 190601 1531 0320 

Өс 100 20988 297800 1389600 3903€401 17582 109 76 793 1656 2591 1775 5 83E«00 370-01 1599 0334 

$000 17600 43925-05 63706-0 — 2868E«0! — 8752E«01 16789 104 8* 540 1128 2:96 1505 130E40* 8 12Е-01 1691 0353 

70000 2:200 8251606 11975502 527 Е01 — 1730E+02 1596 1 9964 3% 745 1814 1243 2? 50E-0' 1 58-9 1786 03% 

12000 24400 1400526 — 20306402 94-601 5123484202 15046 $4 18 270 563 1446 099: 3 70E«01 2318400 1887 0 394 

14000 28400 219458 314602 1566.02 5169.02 1446 му 200 41 1094 0749 5 60E«0: 350,00 1996 0417 

18000 32000 32966-06 48095.02 25106702 8255Е-02 13113 8106 355 323 76 0522 8 80E +01 5 32Е+0© 2125 6444 

1890C 35600 4546.58 6606.02 238%6Е.02 1278503 11923 7443 124 28 453 03:0 1 37Е-02 8 55E 400 2306 042 

20000 39202 68197556 8948622 86075652 1993Е 403 16403 [I 105 219 1 80 0124 2 33E+02 1 45E«01 20 42 0552 

ср 279 4236056 62076408 119602 1328603 423588403 6200 EE 94 195 000 0000 6 30E+02 393840: 9355 1054 
Trichiorofivormethene (4:1) СОЯ Me 137.308 20 • 0.279 

tp 11031 214800 4738400 68728-04 2746584 8С15Е-04 1758 3 109 77 4872 10175 уз 25962 4 83€-04 325205 57б 29% 

4000: -480 2210800 3206803 1297603 4255Е<3 17376 108 46 3350 69 97 3674 2440 2гЕ0 1 32Е-04 вс 0127 

400 -1200 2105602 2062Е02 12638-02 4:43Е<2 16904 106 09 5933 ом 3242 2248 1 8CE02 112643 681 сі? 

4500 7600 “23.02 17451 75148-02 2445Е<І 18601 16364 E 262? 2995 2052 991Е-02 6 19E-03 752 C157 

420 4000 амаыз — 72342 314001. — 1030€400 16:95 10141 893 1885 22 1858 362601 22Е<2 62 С 172 

2600 40: 156Е.04 2271800 1С012&Е5%%0 33206%00 15776 98 49 676 413 2435 1569 554500 647Е<2 892 016 

COO 3200 493560 5856.00 2642Е.0С 88016-09 15339 9576 538 1124 2: 84 1483 2 48E«20 IE 9683 020: 

1556 6000 2597554 1399+01 555600 166601 1496 7 9356 462 966 1957 134 < 43Е +00 278-1 1:8 9213 

2000 — 6800 8942004 — 1297E«0! — 6126-00 — 201CE«O1 14884 9282 444 928 15 99 +301 5176+00 32364 1030 0215 

nos 2352 7434 1013545 14796-01 69506.00 22906.01 16802 ne an ?со 1889 1276 5 916490 369E41 1670 C223 


Continued on next page 
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Tfic"io"clivormethane (A11) COLF (continuet 


4C00 19400 17626506 2555Е 01 12476401 40660: 14408 8993 377 767 18 40 112% 9 71E+00 6 Е-01 1190 2249 
5000 500 24555 4550601 251601 76855401 *389 9 м?? 325 60 1389 0952 184E 01 3926-00 1270 226 
80.00 *7600 5$277E«05 7653€ 401 4028E«01 * 33E«02 '359 8340 283 592 1:46 07% 2?5E«01 1 72Е-00 1310 2274 
1000 21200 %929%46 120502 568215401 2726.02 12773 7974 24 514 913 0625 4 30€ 401 2 68E«00 1360 0284 
12000 24800 12426-06 1 2602 1 045E «02 34276-02 “2126 7570 210 439 50 0473 6 52Е‹01 407E+00 1430 0299 
14000 2400 — 1789-00 — 2595E«02 — 180!E«02 — 5254E402 1139 1 712 174 363 480 0329 9 736401 6 08E +00 1560 9326 
18000 32000 2 405Е .06 361602 2 4218 602 ? 9426402 10510 6561 135 2853 гы 01% 1 46Е +02 9 11Е+00 1796 0374 
19000 36600 33696.06 494502 370602 1207.03 0318 5816 96 20: 114 0078 2?9E«02 1436901 2150 0 «48 
ep 19605 — 38849 4 408€ «o6 6$393E«02 8814602 2 6626.03 5539 3455 3 970 o0 0000 $54E«02 3 46E+01 3330 0095 
Wapec iR 718) H40. М : 16.015 2:027 
1р 001 3202 81176002 4972642 62%Е-02 2047E-0! 9999 62 41 1791 34 75 65 5184 496EQ3 309E-04 922 0193 
44 90 азЕ2 1216601 а55Е02 28066-01 10000 82 43 1549 3258 7502 514 6 55E-03 409€-04 эз? 0195 
tooo 5000 12% 1 7616-01 1253E41 41106-01 9997 62 41 1308 27 32 7422 5046 941E OD 587Е54 94 91% 
1556 — $000 17666403 — 2581EO! 1&QEO! — 5913€ 9901 8237 1124 2348 7341 5030 133E42 32844 oe 0201 
20 00 68 00 2 3396-03 3 392Е-01 2 399Е-0% 7439-1 9м 2 e 1003 хы 7274 4 964 1 73Е-02 106Е-03 973 0 203 
@ 7090 2502803 3629601 25578071 В3Ф3ЕФ! мо 8231 976 2039 7257 4973 1 ЗАЕ-<2 145823 97 0203 
2867 ю о 3491E«03 50642-01 3572Е 01 1172Е.00 9987 82 22 859 7% 772 4914 253E4Q2 1 56423 9% 0207 
3000 60 4264509 6158-04 4348601 1427550 995 6 8215 796 5867 7120 4879 3 ОЗЕ-02 1 E43 1001 0 209 
22 9020 4 915.03 6 661Е-01 4933E-01 16185400 9950 6212 762 (59 70 85 4855 3 42Е-02 214603 1008 0210 
3778 19000 65458.05 9492801 67206-01 22065-00 9934 €2 00 “2 1424 С] 4794. 457Е-02 28543 1026 0214 
400: 140 7345023 19716400 75866-01 24806.00 9922 6194 653 13 64 96 60 479 512E%2 320E43 1031 9215 
4339 11000 9874609 12756.00 %08601 2965-90 жс% 61 96 515 1263 89 05 47 6 04E-02 377E-03 129“ 0216 
4% 120 00 11678404 1693€ «00 " 204E +00 3950E «00 peas 6171 558 пы 6813 < 669 7 МЕ-2 426-203 1061 0222 
5000 12200 123444 71790600 1274540 41606-00 942 6168 $47 1143 67 95 4656 831602 519603 1062 0222 
54 130 30 15936-04 2 2238200 1586E«00 $201E400 9459 61 55 $09 10 63 6719 4004 1 02Е-01 6 МЕ-03 1076 0 225 
ооо 14000 1993E«04 2891E«00 2067E«00 6 783€ «00 $432 6138 457 975 624 45% 1 30Е-01 81-03 1084 022% 
65 56 150 00 2964E«04 37186400 297E«0 $751E400 aC + 6:19 430 3529 85 27 4472 1 85Е-01 1 0602 1112 0232 
7000 15800  31!9E«04 — 4522E400 — 3281E400 — !087E«0! $78 $104 405 845 ы“ 441% 196E01 124£-02 126 0235 
7111 16000 3269-04 4741E«00.— 3412E00.— 1119621 970 5099 399 833 t4 29 4405 207Е-01 1296-22 1128 0235 
7667 17000 4 1326404 50993,00 4327E«00 14206401 9737 6079 370 774 6328 43% 258E-0! 161E-02 1146 0239 
90090 17600  4737E«04 687800 491600 1631661 9716 6067 3% 741 “. 4295 29ЗЕ-01 1 836-02 1160 0242 
в222 18000 5179604 75118.00 5 443Е:00 170+ 9702 60 57 345 7“ 8227 4207 319E-01 1 996-02 ne 0244 
8778 19000 84054 %50600 67936.00 2229Е01 9946 өм эгэ 675 $124 4195 3916-01 2 44802 11 87 0248 
9000 19400  7012£«04 1007801 746600 — 24X€401 9053 60 28 315 [E] t0 82 4167 422E41 20£42 1193 0 249 
8333 00000  7947E404 11501 846600 2766-01 9624 11 303 $34 6019 4124 476E-01 29742 1205 0252 
9689 21000 9739744 14126904 10386900 3 406Е•с1 9563 5970 285 597 59 13 4052 5 76Е-0! 3 6%Е-02 %225 0256 
nbp 1000 21200 10136405 14706-0: 10765-0: 35376401 9564 5983 282 5% 5692 4037 596E-01 37-02 222 0256 
11000. 2000 1432606 2078.00 156600 50901 9510 5937 255 533 $697 3903 8 28Е-01 5 18E-02 *2 62 0264 
12000 24800 1965625 2879.00: 2146.00 70601 9432 ља зв 2% aes 5497 3767 1 12E+00 7 00€-02 4297 027! 
150 26 00 2 7006006 39160: 2 945E 90! 9 663E+01 9349 5636 213 au 5294 3627 1 80Е00 % мЕ<2 4332 0276 
Conn ad on next pa gè 
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Table D.t Critical and Saturated Properties of Selected Fluids (Continued) 


Desv aa с E INT 2 








X [os | == rase ose] nee sas ро Гав Говно Дан то 


wine (А 718) MHO (continued) 


34000 28400 36126405 5296.01 2977801 1305E+02 9262 5762 196 419 5096 3485 1 966«00 129841 ELA 0208 
15000 30200 4757-06 69006-01 5290.01 1735402 9171 57 25 182 зе 475 $340  255E+00 1 59€-01 1402 0293 
16000 — 30000 — 6177E«05 — 8956E«01 — 5940E-01 — 2277E402 9075 5665 170 354 “ 60 3193 326E+00 20-01 1437 0 300 
17000 33800 79166606 114-02 69902Е.01 2 950Е‹02 8975 $603 189 332 44 61 3043 4126600 25741 1472 0307 
18000 600 — 1002E«08 14532202 1152502 3779Е,02 6871 5538 149 3:12 4219 2 5 15E+00 32201 1507 0315 
1000 27400 1254546 1919.02 1460602 4789502 5762 5470 141 2% 39 95 277 — 639E« 3 99€-01 1542 0322 
20000 33200  1564E406 — 2253.02  &XE« — 6011E«02 Ma? 5398 134 279 э? 64 2582 7 85E«00 49x 41 54 0330 
290: 4000: 19%-Я 276.02 2279802 74785-02 8528 5324 127 24% %% 245 9. 58E 400 5 99€ 41 1613 см? 
2000 42800 2366 33626-02 2812600 82285402 8403 524 121 253 3397 2 266 1186401 7 256401 1649 ома 
23000 44600 279586 40548.02 34456-02 1130603 8273 5164 116 24 074 2108 1 406901 872-01 845 0352 
26000 46400 3345Е06 4851Е:02 41926402 — 1375E«03 8135 5079 1 231 2840 1945 1676401 1 04€ 400 1722 0360 
25000 48200 39746.08 57636.02 5976902 — 10646403 7991 49.38 106 22% 2605 1785 — 2008401 1 25600 1759 0387 
200c яхо 4 800E 208 86 3%02Е+02 б тотЕ 22 2092603 703% 4093 102 212 2359 1624 23760 1550 17794 0376 
27000 51800 5506-96 — 7877E402 — 7308E«02 — 23978403 7677 4792 9 203 2134 1462 281E«0! 175E400 1838 0384 
2002 53600 64138.06 93006-02 87136.00 25545.03 7505 “4. өз 195 1900 1x0 IREI 207Е.0 18 60 0 393 
002 55400 743846 1079503 1 036Е:03 336603 7322 4571 © 167 16 67 114 391E+01 249 1925 0402 
3000C 57200 35048-00 :245E.03.— 1229.03. — 4031E«03 7:24 4447 м 179 1437 0%4 462.01 2806.00 1974 0412 
31000 50800 %9ММЕ46 149603 1 4556603 4774Е+03 6910 4313 82 171 1208 0829  545Е+0! 3 40€ «00 2028 0424 
32000 60800 (128407 169603 172360) 56542.03 687 4 41 68 78 164 987 0676 = 6 4B E401 4 03€ «00 20 89 0 436 
$300C 860: 12507 1564803 204652 67066403 6410 4092 74 155 77 0528 7 70E«01 4 81E«00 2162 0 462 
34000 64400 — '459E«C7. — 210E409.— 2436E909 — 7994E403 610% 36 13 ?0 147 563 0386 9 27E«01 $ 79€ «00 2252 0470 
$5000 85200 852607 2396.09 29316909 9617Е•03 $74? EI % 137 367 0252 15302 70860 2372 0495 
36006 8000 8668507 2706509 3002659 1146-04 6281 97 & 126 1м 0129 14502 99760 2$ 54 0523 
37006 60800 210607 3050Е+С3 4733Е:03 1 5535-04 4531 26 29 52 109 0» 0007 2006-02 1 25Е+01 2926 0611 
ер 37398 %66 226807 31996-03 69646-03 2291Е-04 3220 2010 » 0. 000 0 000 32Е42 20180 30 00 045 
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Table D.2 Properties of Selected Gases 


Temperature Gas Density - p Gas Viscosity у kiea! Gas Specific Heats at Zero Pressure б 
t At One Atmosphere At One Atmosphere | Constant Pressure c, | Constam Volume c, Rato 
| © | + | m | eme | Paex10' | кізеслекіс! k oya, 






Aoetic Acid C,H,O, 
117.90 244.22 3.10E+00 1.93Е-01 10.6 0.662 1327 0.3169 1189 0.2840 1.116 
150.00 302.00 2.86E+00 1.79Е-01 11.7 0.731 1402 0.3349 1264 0.3019 1.109 
200.00 392.00 2.37E+00  148E-01 13.4 0.837 1513 0.3614 1375 0.3284 1.100 
250.00 482.00 177Е-00 110Е-01 15.1 0.941 1614 0.3855 1476 0.3525 1.093 
300.00 572.00 1.21E+00 7.53Е-02 16.7 1.043 1707 0.4077 1569 0.3747 1.088 
400.00 752.00 7.01Е-01 4.37Е-02 19.8 1.236 1872 0.4471 1734 0.4142 1.080 
Acetone C,H.O 
56.29 133.32 215Е:-00 1.34Е-01 8.36 0.175 1369 0.3270 1226 0,2929 1117 
100.00 212.00 1.90E+00 1.18E-01 9.44 0.197 1502 0.3587 1359 0.3245 1.105 
150.00 302.00 1.67Е-00 1.04Е-01 10.7 0.224 1649 0.3938 1506 0.3596 1.095 
200.00 392.00 1.50E+00 9.34Е-02 12.1 0.252 1788 0.4272 1645 0.3930 1.087 
250.00 482.00 1.35E+00 844602 13.4 0.280 1920 0.4586 1777 0.4244 1.081 
300.00 572.00 1.24E+00  7.71E-02 14.7 0.307 2043 0.4880 1900 0.4538 1.075 
350.00 662.00 1.14E+00 7.09Е-02 16.0 0.334 2158 0.5154 2015 0.4812 1.071 
400.00 752.00 1.05E+00 6.56Е-02 17.2 0.360 2264 0.5408 2121 0.5067 1.067 
450.00 842.00 9.78Е-01 6.11Е-02 18.4 0.385 2363 0.5645 2220 0.5303 1.064 


50000 93200 915Е-01 5.71E-02 19.6 0.409 2455 0.5864 2312 0.5522 1.062 


Fluid Properties 


81.60 
100.00 
150.00 


250.00 


300.00 
350.00 
400.00 
450.00 
500.00 


178.88 
212.00 
302.00 
392.00 
482.00 


572.00 
662.00 
752.00 
842.00 
932.00 


-119.47 


-58.00 

32.00 
122.00 
212.00 


302.00 
392.00 
482.00 
572.00 
662.00 


752.00 
842.00 
932.00 


1.55E+00 
1.47E+00 
1.30E+00 
1.16E+00 
1.05E«00 


9.57E-01 
8.80E-01 
8.14E-01 
7.58E-01 
7.09E-01 


1.73E+00 
1.45E+00 
1.17E+00 
9.87E-01 
8.52E-01 


7.51E-01 
6.71E-01 
6.07E-01 
5.54E-01 
5.09E-01 


4.71E-01 
4.39E-01 
4.10E-01 


9.65E-02 
9.17E-02 
8.09E-02 
7.23E-02 
6.54E-02 


5.97E-02 
5.49E-02 
5.08E-02 
4.73E-02 
4.43E-02 


1.08E-01 
9.07E-02 
7.32E-02 
6.16E-02 
5.32Е-02 


4.69Е-02 
4.19Е-02 
3.79Е-02 
3.46Е-02 
3.18Е-02 


2.94Е-02 
2.74Е-02 
2.56Е-02 


8.49 
8.93 
10.1 
11.2 
12.4 


13.5 
14.6 
15.7 
16.8 
17.9 


6.34 
7.59 
9.36 
11.1 
12.7 


14.2 
15.7 
17.1 
18.5 
19.8 


21.1 
22.3 
23.5 


Aostonitriie C,H,N 


0.177 
0.186 
0.211 
0.235 
0.258 


0.282 
0.305 
0.328 
0.351 
0.374 


Aostylene C, Hy 


0.132 
0.159 
0.195 
0.231 
0.265 


0.297 
0.328 
0.358 
0.387 
0.414 


0.441 


0.491 


1434 
1535 
1663 
1773 
1871 


1958 
2036 
2107 
2172 
2232 


2287 
2338 
2385 


0.3334 
0.3428 
0.3678 
0.3916 
0.4143 


0.4357 
0.4559 
0.4748 
0.4926 
0.5093 


0.3426 
0.3666 
0.3972 
0.4235 
0.4468 


0.4676 
0.4863 
0.5033 
0.5189 
0.5331 


0.5463 
0.5584 
0.5697 


1193 
1233 
1337 
1437 
1532 


1622 
1706 
1785 


1930 


1115 
1216 
1344 
1454 
1551 


1638 
1717 
1788 
1853 
1913 


1968 
2019 


0.2850 
0.2945 
0.3194 
0.3433 
0.3659 


0.3873 
0.4075 
0.4264 
0.4442 
0.4609 


0.2663 


0.3209 
0.3473 
0.3705 


0.3913 
0.4101 
0.4271 
0.4426 
0.4569 


0.4700 
0.4821 
0.4934 


357 


1.170 
1.164 
1.151 
1.141 
1.132 


1.125 
1.119 
1.113 
1.109 
1.105 


1.286 


1.238 
1.220 


1.195 
1.186 
1.179 
1.172 
1.167 


1.162 
1.158 
1.155 
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Table D.2 Properties of Selected Gases (Continued) 










Temperature Gas Density - p Gas Viscosity -y ideal Gas Specific Heats at Zero Pressure ; | 
t At One Atmosphere At One Atmosphere | Constant Pressurec, | Constant Volume ¢, Ratio 
| o | F | om | ome | Pesio | wtsoonxio: k eyes 


Air (R 729) 
-194.35 -317.83 4.37Е+-00 2.73Е-01 5.44 0.114 1001 0.2390 713.5 0.1704 1.402 
-150.00 -238.00 2.90Е-00 181Е-01 8.59 0.179 1001 0.2390 713.5 0.1704 1.402 
-100.00 -148.00 2.06Е-00 1.28Е-01 11.8 0.246 1001 0.2390 713.5 0.1704 1.402 
-50.00 -58.00 1.59E«00 9.93Е-02 14.6 0.306 1001 0.2390 713.6 0.1704 1.402 
0.00 32.00 1.30E«00  8.10E-02 172 0.360 1001 0.2391 714.2 0.1706 1.402 
5000 12200 1.10E.00  6.84E-02 19.6 0.410 1003 0.2396 716.1 0.1710 1.401 
10000 21200 949E 01 592E-02 21.8 0.458 1007 0.2405 720.1 0.1720 1.399 
15000 30200 8.36Е-01 5.22E02 23.9 0.499 1013 0.2420 726.4 0.1735 1.395 
20000 392.00 7.48Е-01 4.67Е-02 25.8 0.539 1022 0.2440 734.6 0.1755 1.391 
25000 48200 678E01 4.23Е-02 27.6 0.577 1031 0.2464 744.5 0.1778 1.385 
300.00 57200 6.19Е-01 3.87Е-02 29.4 0.614 1042 0.2490 755.5 0.1804 1.380 
35000 662.00 5.71Е-01 3.56Е-02 310 0.648 1054 0.2518 767.1 0.1832 1.374 
40000 75200 5.30Е-01 3.31Е-02 32.6 0.681 1066 0.2546 779.0 0.1861 1.366 
45000 84200 4.95Е-01 3.09Е-02 34.1 0.713 1078 0.2574 790.9 0.1889 1.363 
500.00 932.00 4.84Е-01 290Е-02 35.6 0.744 1090 0.2602 802.6 0.1917 1.358 
600.000 111200 415E-01  2.59E-02 38.4 0.802 1112 0.2656 824.9 0.1970 1.348 
700.00 1292.00 3.76Е-01 2.35Е02 410 0.856 1132 0.2705 845.4 0.2019 1.339 
800.00 1472.00 3.46E01  216E-02 43.5 0.908 1151 0.2749 863.8 0.2063 1.332 


1000.00 1832.00 3.02E-01 1.88Е-02 48.1 1.004 1182 0.2823 895.0 0.2138 1.321 
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-185.86 
-150.00 
-100.00 


0.00 
50.00 
100 00 
150.00 


250.00 


-28.17 

32.00 
122.00 
212.00 
302.00 


392.00 
482.00 
572.00 


662.00 
752.00 


842.00 
932.00 


-302.55 
-238.00 
-148.00 


32.00 


122.00 
212.00 
302.00 
392.00 
482 00 


572.00 
662.00 
752.00 
842.00 
932.00 


8.89E-01 
7.71Е-01 
6.47Е-01 
5.59Е-01 
4.92Е-01 


4.39Е-01 
3.97E-01 
3.62E-01 


3.36E-01 
3.09E-01 


2.88E-01 
2.66Е-01 


5.72Е-00 
4.01E+00 
2.83E+00 
2.18E+00 
1.78E+00 


1.51Е +00 
1.31Е+00 
1.15Е+00 
1.03Е+00 
9 30E-01 


8.49Е-01 
7 81E-01 
7.23E-01 
6.73E-01 
6 29E-01 


5.55E-02 
4.82E-02 
4.04E-02 
3.49E-02 
3.07E-02 


2.74Е-02 
2.48Е-02 
2.26Е-02 


2.10Е-02 
1.93Е-02 


1.60E-02 
1.68E-02 


3.57E-01 
2.50E-01 
1.76E-01 
1.36E-01 
1.11E-01 


9.41E-02 
8.15E-02 
7.18E-02 
6.42E-02 
5.81E-02 


5.30E-02 
4.88E-02 
4.51E-02 
4.20Е-02 
3.93E-02 


Ammonia (А 717) NH, 


8.0 
9.0 
11.1 
12.9 
14.7 


16.5 
18.4 
20.2 


21.9 
237 


25.5 
27.2 


7.23 
10.2 
14.1 
17.7 
21.1 


242 
272 
30.0 
326 
350 


37.4 
39.6 
418 
43.9 
46.0 


0.169 
0.194 
0.232 
0.270 
0.308 


0.346 
0.383 
0.421 


0.458 
0.495 


0.532 
0.569 


Argon (R 740) Ar 


0.151 
0.213 
0.295 
0.370 
0.441 


0.506 
0.568 
0.626 
0.681 
0.731 


0.780 
0.828 
0.873 
0.917 
0.960 


1996 
2049 
2135 
2226 
2319 


2415 
2510 
2604 


2697 
2787 


2875 
2961 


520.1 
520.1 
520.1 
520.1 
520.1 


520.1 
520.1 
520.1 
520.1 
520.1 


520.1 
520.1 
520.1 
5201 
5201 


0.4767 
0.4894 
0,5098 
0.5316 
0.5540 


0.5767 
0.5995 
0.6220 


0.6441 
0.6657 


0.6868 
0.7072 


0.1242 
0.1242 
0.1242 
0.1242 
0.1242 


0.1242 
0.1242 
0.1242 
0.1242 
0.1242 


0.1242 
0.1242 
0.1242 
0.1242 
0.1242 


1508 
1561 
1646 
1737 
1831 


1926 
2022 
2116 


2208 
2299 


2387 
2473 


312 
312 
312 
312 
312 


312 
312 
312 
312 
312 


312 
312 
312 
312 
312 


0.3601 
0.3728 
0.3932 
0.4149 
0.4374 


0.4601 
0.4828 
0.5053 


0.5275 
0.5491 


0.5701 
0.5906 


0.0745 
0.0745 
0.0745 
0.0745 
00745 


0.0745 
0.0745 
0.0745 
0.0745 
0.0745 


0.0745 
0.0745 
0.0745 
0.0745 
0.0745 
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1.324 
1.313 
1.297 
1.281 
1.267 


1.253 
1.242 
1.231 


1.221 
1.212 


1.205 
1.197 


1.667 
1.667 
1.667 
1.667 
1.667 


1.667 
1.667 
1.667 
1.667 
1.667 


1 667 
1.667 
1 667 
1.667 
1 667 
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Table D.2 Properties of Selected Gases (Continued) 


Temperature Gas Density - p Gas Viscosity + ideal Gas Specific Heats at Zero Pressure U | 
t At One Atmosphere At One Atmosphere | Constant Pressure c, | Constant Volume c, 
k scyc, 





[os | F | tm | eme | Pamio | wresmi | sgk | Bremer | Шөк | Brumen | 


Benzene C,H, 
80.09 176.16 2.76E+00 1.72Е-01 8.97 0.187 1265 0.3021 1158 0.2766 1.092 
10000 212.00 2.61E+00 1.63E-01 9.49 0.198 1338 0.3196 1232 0.2942 1.086 
150.00 302.00 2.28E+00 1.43Е-01 10.8 0.225 1513 0.3613 1406 0.3358 1.076 
20000 39200 203E«00 1.27Е-01 12.1 0.252 1673 0.3995 1566 0.3741 1.068 
25000 482.00 1.83E+00 1.15Е-01 13.3 0.278 1819 0.4343 1712 0.4089 1,082 
300.00 572.00 1.67E+00 1.04E-01 14.5 0.304 1951 0.4661 1845 0.4406 1.058 
350.00 66200 1.53E+00 9.58Е-02 15.7 0.329 2072 0.4949 1965 0.4694 1.054 
40000 752.00 1.42E+00  8.85E-02 16.9 0.354 2181 0.5210 2075 0.4956 1.051 
45000 84200 1.32E+00 8.21E-02 18.1 0.378 2281 0.5447 2174 0.5193 1.049 
50000 932.00 1.22E+00 7.64Е-02 19.3 0.402 2371 0.5662 2264 0.5408 1.047 
Bromine Br, 
5875 137.75 5.95Е-00  3.72E-01 17.0 0.356 228 0.0544 176 0.0419 1.296 
10000 212.00 5.29E+00 3.30Е-01 19.0 0.397 229 0.0547 177 0.0423 1.294 
150.00 302.00 464E+00 2.90E-01 21.4 0.447 230 0.0550 178 0.0426 1.292 
200.00 39200 4.14Е+00 2.59Е-01 23.8 0.497 231 0.0553 179 0.0428 1.290 
250.00 482.00 3.74E.00 2.34E-01 26.2 0.547 232 0.0555 180 0.0431 1.289 
30000 572.00 3.41E+00 2.13E-01 28.6 0.597 233 0.0557 181 0.0432 1.287 
350.00 662.00 3.13E«00  1.96E-01 31.0 0.647 234 0.0558 182 0.0434 1.286 
40000 75200 290E«00  1.81E-0! 33.3 0.696 234 0.0559 182 0.0435 1.286 
450.00 842.00 2.70E+00 1.88E-1 357 0.745 235 0.0560 182 0.0436 1.285 


50000 932.00 2.52E+00 1.58Е-01 380 0.793 235 0.0561 183 0.0437 1.285 
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Butane-iso (R 600A) C,H,ç 


-11.72 10.90 2.81E+00 1.76Е-01 6.66 0.139 1490 0.3560 1347 0.3218 1.106 
0.00 32.00 2.68E+00 1.67E-01 6.97 0.146 1549 0.3699 1406 0.3357 1.102 
50.00 122.00 2.23Е-00 1.40E-01 8.23 0.172 1796 0.4289 1652 0.3947 1.087 
10000 212.00 1.92Е-00 1.20E-01 9.41 0.196 2033 0.4856 1890 0.4514 1.076 
15000 302.00 1.69Е:00 1.05Е-01 10.5 0.220 2257 0.5390 2114 0.5048 1.068 
200.00 392.00 1.50Е-00 9.39Е-02 11.6 0.242 2465 0.5888 2322 0.5546 1.062 
25000 48200 1.36Е-00 8.49Е-02 126 0.263 2658 0.6349 2515 0.6007 1.057 
300.00 572.00 1.24Е+00 7.74Е-02 13.5 0.283 2837 0.6775 2693 0.6433 1.053 
350.00 662.00 1.14E+00 7.10E-02 14.5 0.302 3001 0.7169 2858 0.6827 1.050 
400.00 752.00 1.05Е-00 6.57Е-02 15.4 0.321 3154 0.7533 3011 0.7192 1.048 
450.00 84200 980Е-01 6.11E-02 16.2 0.339 3295 0.7871 3152 0.7529 1.045 
500.00 932.00 916Е-01 5.72Е-02 174 0.357 3426 0.8184 3283 0.7842 1.044 


Butane-n (R 600) C,H., 


-0.50 31.10 2.71Е>00 1.69Е-01 6.89 0.144 1584 0.3784 1441 0.3442 1.099 
0.00 32.00 2.70Е-00 1.69Е-01 6.90 0.144 1586 0.3789 1443 0.3448 1.099 
50.00 122.00 225E«00 1.40E-01 8.17 0.171 1815 0.4335 1672 0.3994 1.086 
100.00 212.00 1.93E+00 1.20Е-01 9.40 0.196 2040 0.4872 1897 0.4530 1.075 
150.00 302.00 1.69Е-00 1.06Е-01 10.6 0.221 2254 0.5385 2111 0.5043 1.068 
200.00 392.00 1.51E+00 9.41E02 11.7 0.245 2457 0.5868 2314 0.5526 1.062 
25000 48200 1.36E.00 8.50Е-02 128 0.268 2646 0.6319 2502 0.5977 1.057 
300.00 572.00 1.24Е-00 775Е-02 13.9 0.290 2821 0.6738 2678 0.6397 1053 
350 00 66200 1.14E.00  7.11E-02 14.9 0.311 2984 0.7128 2841 0.6787 1 050 
400.00 752.00 1 05Е>00 657Е-02 15.9 0.332 3136 0 7490 2993 0.7148 1.048 
450.00 842.00 9.80Е-01 6.116-02 16.8 0.351 3277 0.7826 3134 0.7485 1.046 


500.00 932.00 9.16E-01  5.72E-02 17.7 0.370 3408 0.8139 3265 0.7797 1.044 
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Table D.2 Properties of Selected Gases (Continued) 
Temperature Gas Density - р Gas Viscosity кез! Зав Specific Heats at Zero Pressure — 
At One Atmosphere At One нр Constant Volume c, 
o s | om | em | pami | mieno | лак | ouma | srok | Brunbm-"R 


Carbon Dioxide (R 744) CO, 










‘7848 -10926 280E+00 1 75E-01 975 0.204 733 4 0 1752 5444 0 1300 1347 
:50 00 -5800 243E«00 1 52E-01 112 0 235 762 8 0 1822 5739 0.1371 1.329 
000 3200 1 98Е+00 1 24E:01 138 0 287 8158 0.1949 6269 0 1497 1.301 
50 00 12200 167E«00  104E.01 162 0 337 866 9 0 2071 6780 01619 1 279 
150 00 30200 1 27Е-00 7 92E-02 206 0 430 9570 0 2266 7681 0 1835 1.246 
200 00 39200 113Е»00  708E.02 226 0 473 9956 0 2378 806.7 0 1927 1.234 
250 00 48200 103Е-00 640Е-02 246 0514 1030 0 2461 8413 0 2010 1 225 
390 00 57200 936Е-01 585Е-02 265 0 553 1061 0 2535 8725 0 2084 1.217 
35000 66200 8615.01 538Е-02 283 0 591 1089 0 2602 900 5 0.2151 1210 
42000 75200 797E.0!  498E.02 300 0 627 1115 0 2663 9258 02211 1 204 
450 00 84200 742Е-01 463Е-02 317 0 662 1138 02717 9488 0 2266 1.199 
500 00 93200 694Е-01 433Е-02 333 0 695 1159 0 2767 9700 0 2316 1195 
60000 111200 614Е-01 3 83Е-02 363 0759 1195 0 2854 1006 0 2403 1188 
70000 129200 5 51Е-61 3 44Е.02 392 0819 1225 0 2927 1037 0 2476 1182 
82000 747200 5 00Е-01 312Е-02 419 0 875 1252 0 2989 1063 0 2538 1178 


100000 183200 421Е-01 263Е-02 469 0 979 1293 0 3069 1105 0 2638 1171 
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46 22 
100 00 
15000 


250 00 


300.00 
350.00 


450.00 
500.00 


-191.45 
-150 00 
-100 00 
-50.00 

0.00 


50 00 
100 00 
150.00 


250.00 


300.00 
350.00 
400 00 
450.00 
500.00 


600.00 
700.00 


1000.00 


115.20 
212.00 
302.00 
392.00 
482.00 


572 00 
662.00 
752 00 
842.00 
932.00 


31261 
-238.00 
-148 00 
-58.00 
32.00 


122 00 
212 00 
302 00 
392.00 
482.00 


572 00 
662.00 
752.00 
842 00 
932 00 


1112.00 
1292.00 
1472.00 
1832 00 


2.95E+00 
2.53E +00 
2.22E+00 
1.98E+00 
1.78E+00 


1.63Е-00 
1.49E+00 
1.38E+00 
1 29Е-00 
1.20Е-00 


4.36&+00 
2 81E-00 
1.98E+00 
1.53E+00 
1.25E+00 


1.06E+00 
9.15E-01 
807Е-01 
7.21Е-01 
6.52Е-01 


5 96E-01 
5.48E-01 
5 07E-01 
4.72E-01 
4 42Е-01 


3.91E-01 
3 51E-01 
3.18E-01 
2.68E-01 


Carbon Disulfide CS, 


1.84Е-01 10.7 0.223 
1.58Е-01 12.5 0.262 
1.38Е-01 14.3 0.298 
1.23E-01 16.0 0.334 
1.11E-01 17.7 0.369 
1.02Е-01 19.4 0.405 
9.33E-02 21.1 0.440 
8.63E-02 22.7 0.475 
8.03Е-02 24.4 0.509 
7.50Е-02 260 0 544 


Carbon Monoxide CO 


2.72Е-01 5.41 0.113 
1.75E-01 821 0.172 
1.24E-01 11.3 0.235 
9.56E-02 14.0 0.293 
7.80E-02 16.5 0.345 
6.59E-02 18.8 0.393 
5.71E-02 20.9 0.437 
5.04E-02 22.9 0.479 
4.50Е-02 248 0.519 
4.07Е-02 26.6 0.556 
3.72E-02 28.3 0.592 
3.42E02 30.0 0.626 
3.17E-02 31.5 0.659 
2.95Е-02 331 0.690 
2.76Е-02 34.5 0.721 
2.44Е-02 373 0.779 
2.19Е-02 39.9 0 834 
1.99E-02 42.4 0.886 
1.67E-02 47.1 0.983 


610 


661 
679 
694 


707 
718 
728 
737 
744 


1040 
1040 
1040 
1040 
1040 


1041 
1044 
1050 
1058 
1068 


1080 
1093 
1106 
1119 
1132 


1157 
1179 
1198 
1230 


0.1458 
0.1526 
0 1578 
0 1621 
0.1658 


0 1689 
0.1716 
0.1739 
0.1760 
01778 


0 2483 
0.2483 
0.2483 
0 2483 
0 2484 


0.2487 
0 2494 
0.2508 
0.2527 
0.2552 


0 2580 
02611 
0 2642 
0.2674 
0 2704 


0 2763 
0.2816 
0.2862 
0.2939 


501.3 
5298 
551.5 
569.6 
584.9 


598.0 


619.0 
627.6 
635.2 


742.9 
7429 
7429 
742.9 
743.1 


744.3 
747.4 
753.1 
7613 
771.6 


783.5 
796.2 


822.5 
835.5 


860.0 
882.0 
901.6 
933.7 


0.1197 
0.1265 
0.1317 
0.1361 
0.1397 


0.1428 
0.1455 
0.1479 
0.1499 
0.1517 


0.1774 
0.1774 
0.1774 
01774 
0.1775 


0.1778 
0.1785 
0.1799 
0.1818 
0.1843 


0 1871 
0 1902 
0.1933 
0.1965 
0.1995 


0.2054 
0.2107 
0.2153 
0.2230 
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— 2 ca 2 c4 
> 
о 


1.400 
1.400 
1.400 
1.400 
1.399 


1.399 
1.397 
1.394 
1.390 
1.385 


1.379 
1.373 
1.367 
1.361 
1.355 


1.345 
1.337 
1.329 
1.318 


364 


Table D.2 Properties of Selected Gases (Continued) 






76.64 
100.00 
150.00 


250.00 


300.00 
350.00 


450.00 
500.00 


169.96 
212.00 
302.00 
392.00 
482.00 


572.00 
662.00 
752.00 
842.00 
932.00 


-29.25 

32.00 
122.00 
212.00 
302.00 


392.00 
482.00 
572.00 


752.00 
842.00 


932.00 


5.58E+00 
5.19E+00 
4.53Е+00 
4.03Е+00 
3.83E+00 


3.30E+00 
3.03E+00 
2.80E+00 
2.60E+00 
2 43E+00 


3.68Е +00 
3.21Е+00 
2.70Е +00 
2.33E+00 
2.05E+00 


1.83E+00 
1.66E+00 
1.51E+00 
1.39E+00 
1.29Е-00 
1.20Е-00 


1.12E+00 


w Gas Density - p 
At One Atmosphere 


Gas Viecosity 





At One ев 


Carbon Tetrachioride CCL 
3.48E-01 11.6 0.242 
3.24E-01 12.3 0.257 
283Е-01 13.8 0.289 
2.51Е-01 15.3 0.319 
2.26Е-01 16.7 0.349 
2.06Е-01 18.1 0.378 
1.89Е-01 19.4 0.406 
1.76Е-01 20.8 0.434 
1.63Е-01 22.0 0.460 
1.52Е-01 23-3 0.486 

Chiorine Cl, 
2.30E-01 10.7 0.224 
2.00E-01 12.3 0.257 
1.69E-01 14.5 0.304 
1.46E-01 16.7 0.349 
1.28Е-01 18.8 0.392 
1.14E-01 20.8 0.435 
1.03E-01 22.8 0.477 
9.43E-02 24.8 0.517 
8.67Е-02 26.7 0.557 
8.02Е-02 28.5 0.596 
7.46Е-02 30.3 0.634 
6.98Е-02 32.1 0.671 


462.2 
472.3 


493. 5 
500.7 


506.3 
510.8 
514.4 
517.4 
519.9 
521.9 


523.7 


0.1377 
0.1405 
0.1453 
0.1490 
0.1519 


0.1542 
0.1561 
0.1577 
0.1590 
0.1601 


0.1104 
0.1128 
0.1157 
0.1179 
0.1196 


0.1209 
0.1220 
0.1229 
0.1236 
0.1242 
0.1247 


01251 


522.5 
534.0 
554.2 
569.7 
581.9 


591.7 
599.6 


611 6 
616.1 


344.9 
355.0 
367.0 
376.3 
383.4 


389.0 
393.5 
397.1 


402.6 
404.7 


406.5 


[ideal Gas Specific Heats at Zero Pressure | | 
[Constant Preesure.c, | Conetart Volumec, — | Rap 
Ls p joe | ewe [ene meer] ek [mn] vex | suenan 


0.1248 
0.1275 
0.1324 
0.1361 
0.1390 


0.1413 
0.1432 
0.1448 
0.1461 
0.1472 


0.0824 
0.0848 
0.0877 
0.0899 
0.0916 


0.0929 
0.0949 
0.0956 
0.0962 
0.0967 


0.0971 
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1.103 
1.101 


1.095 
1.093 


1.091 


1.089 
1.088 
1.088 


1.340 
1.330 
1.319 
1.312 
1.308 


1.301 
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Chiorodifiuorometnane (R 22) CHCIF, 


-40 82 -41.48 471E+00 2.94Е-01 10.2 0 212 563 0.1345 467 0.1115 1.206 
0.00 32.00 394Е-00 2 46Е-01 11.9 0 249 614 0.1467 518 0.1238 1186 
50 00 122.00 3.30E+00 206Е-01 140 0.293 672 0.1606 576 0.1376 1.167 
100.00 21200 284E+00 1 78E-01 161 0 337 725 0.1732 629 0.1502 1153 
150.00 302.00 250E«00  1.56E-01 182 0.379 773 0.1847 677 0.1617 1.142 
200.00 392.00 2.23E«00 1 40E-01 20.2 0421 817 0.1951 721 0.1721 1.133 
250.00 48200 201E«.00 1 26Е-01 22.1 0.462 856 0.2045 760 0.1815 1.127 
300.00 572.00 1 84Е-00 115Е-01 24.1 0.503 892 0.2129 795 0.1900 1.121 
350 00 662.00 1.69Е>00 1 06Е-01 26.0 0.543 923 0.2205 827 0.1975 1.116 
400.00 752.00 1.57E.00 977Е-02 27.9 0.582 951 0.2272 855 0.2042 1.112 
450.00 84200 1.46E.00  910E-02 29.7 0.621 976 0 2332 880 0.2102 1.109 
500 00 932.00 1.36E+00 851Е02 31.6 0.659 998 0.2384 902 02155 1.107 
Chioroform CHCI, 

61.18 142.12 4.50Е-00 2.81Е-01 11.3 0.708 579 0.1384 510 0.1217 1.437 
100.00 21200 3.99Е+00 2 49Е-01 12.6 0.790 607 01449 537 0 1283 1.130 
150.00 30200 3 49Е-00 2.18E-01 14.3 0.893 637 0.1522 568 0.1356 1.123 
200.00 39200 3.11E+00 1 94E-01 159 0 995 663 0.1584 594 01418 1.417 
250.00 48200 2.80E+00 1.75Е-01 17.5 1.095 686 0.1637 616 0.1471 1.113 
300.00 572.00 2.55Е-00 1.60Е-01 191 1.194 705 01683 635 0.1517 1110 
350.00 662.00 2.35E+00 1 47E-01 20.7 1 291 722 0.1724 652 0.1557 1.107 
400.00 75200 217E«00 1.36E-01 22.2 1.387 736 0.1759 667 0.1592 1.104 
450.00 842.00 202E+00 1.26Е-01 23.7 1.482 749 0.1790 680 0.1623 1.102 
500.00 93200 1 89Е-00 1.18Е-01 25.2 1.575 761 01817 691 0.1651 1101 
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Table D.2 Properties of Selected Gases (Continued) 


reme Gas Density - v Gas Visocsity idea! Gas Specific Heats at Zero Pressure KYIIIIIITƏgSƏ 
At One Atmosphere 


At Ore Aet MUT 
Lx To em D ees [nee [eet] эшк [ез| жк [mant 





0.00 32.00 7.11E+00  444E-0! 11.7 0.245 01626 0.1496 1.086 
50.00 122.00 5.92E«00 3.69Е-01 13.6 0.285 748 0.1786 Soa 0.1657 1.078 
100.00 212.00 5.09Е+00 3 18Е-01 15 5 0.324 807 0.1928 753 0.1800 1.071 
150.00 302.00 447E«00 279Е-01 173 0.362 860 0.2053 606 0.1925 1 067 
200.00 392.00 3.98Е-00 248Е-01 19.1 0399 906 0.2163 852 0.2035 1 063 
250.00 482.00 360E+00 2.25E-01 20.8 0 435 946 0.2259 892 0.2130 1.060 
300.00 57200 3.28Е-00 2.05Е-01 22.5 0 469 981 0 2342 927 0.2214 1.058 
350.00 66200 302E+00 1.89Е-01 24.1 0.503 1011 02415 957 0 2286 1.056 
400.00 75200 260Е-00 1.75E-01 256 0.536 1038 0 2478 984 0.2350 1.055 
460.00 842.00 260E+00  163E-01 27.2 0567 1061 0.2534 1007 0.2406 1.053 
500.00 93200 244Е+00 1.52Е-01 28.6 0 598 1082 0 2584 1028 0.2456 1.052 


Chlorotrifluoromethane (R 13) CCIF, 


-81.45 -11461 6.94Е-00 433Е-01 101 0.211 505 0.1207 426 0.1017 1 187 
-50.00 -56.00 $85E«00 3 65Е-01 11.3 0.236 550 0.1313 470 0.1122 1.169 
0.00 3200 472E+00 295Е-01 13.3 0.279 613 0 1484 533 0.1274 1.149 
50 00 122.00 3.97Е+00 2 48Е-01 15 5 0.324 669 0.1597 589 0.1407 1135 
100.00 212.00 3.43Е-00 214Е-01 177 0.370 717 0.1713 638 0 1523 +125 
15000 302.00 3.02Е-00 1 86E-01 199 0.417 759 0.1814 680 0.1624 1.117 
200.00 392.00 2.69Е+00 1.68Е-01 22.2 0.463 796 0.1901 716 0.1711 1.111 
250.00 48200 2 43Е+00 1.52Е-01 24 4 0.510 827 0.1976 748 0.1786 1.106 
300.00 57200 222Е+00 1.39Е-01 26.6 0.555 854 0.2040 775 0.1850 1.103 
350.00 66200 2.04Е-00 1.28E-01 287 0.600 877 0.2095 798 0.1905 1.100 
400.00 752.00 189E-00 1.18Е-01 30.8 0643 897 0.2143 818 0 1953 1 097 
450.00 842.00 176Е-00 1.10E-01 327 0 684 914 0 2184 835 0.1994 1.095 


50000 93200 165E+00 103Е-01 346 0723 930 0.2221 850 0 2031 1.094 


Fluid Properties 


80 72 
100.00 
150.00 


250 00 
300 00 
350 00 
400 00 


450 00 
500 00 


177 30 
212.00 
302 00 
392 00 
482 00 


572 00 
66200 
752 00 
842.00 
932.00 


-21 62 
32.00 
122.00 
21200 
302.00 


392.00 
482 00 
572 00 
662 00 
752 00 


842 00 
932 00 


2.90E +00 
2.75E+00 
2 42E+00 
2.17E+00 
1.96E+00 


1.79E+00 
1.65E+00 
1.52Е-00 
1.42E+00 
1.33E+00 


6.30Е +00 
5 54Е +00 
4.63Е+00 
3.99Е +00 
3 50Е+00 


3.13E«00 
2.82Е+00 
2.57Е+00 
2 36E+00 
2.19E+00 


2 04E+00 
1 91Е +00 


Сусоћехате С.Н. 


1.81Е-01 
1.72Е-01 
1.51E-01 
1.35Е-01 
1 22Е-01 


1.12E-01 
1.03Е-01 
9 51Е-02 
8 85E-02 
8 28E-02 


Dichlerodifiuoromethane (R 12) CChF; 


3.94E-01 
3 46E-01 
2.89E-01 
2 49Е-01 
2.19Е-01 


1.95Е-01 
1.76E-01 
1 60Е-01 
1.48Е 01 
137Е-01 


1 27Е-01 
1 19E-01 


833 
876 
9 86 
109 
120 


130 
14.1 
15.1 
16.1 
171 


10.5 
11.6 
13.4 
153 
171 


189 
207 
22.5 
243 
261 


279 
297 


0174 
0.183 
0 206 
0.228 
0.251 


0 272 
0 294 
0.315 
0.336 
0 356 


0 219 
0 242 
0 280 
0319 
0.357 


0.395 
0.433 
0 471 
0 508 
0 546 


0.583 
0621 


1545 
1645 
1899 
2140 
2365 


2572 
2762 
2936 
3095 
3241 


542 
578 
628 
669 
701 


727 
749 
767 
782 
795 


806 
815 


0 3690 
0.3929 
0 4536 
05111 
0.5648 


0.6143 
0.6597 
0.7013 
07393 
07742 


0.1294 
0 1380 
0 1501 
01597 
01675 


0 1737 
0.1789 
0.1832 
0.1868 
0.1899 


01925 
0 1948 


2473 
2837 


2997 
3142 


473 


632 
659 
713 
726 


737 
747 


0.3454 
0.3693 


0 4875 
0.5412 


0 5907 
0.6361 
0.6777 
07157 
0 7506 


0.1130 
0.1216 
0 1337 
0 1433 
0.1510 


0 1573 
0.1625 
0.1668 
0.1704 
0.1734 


0 1761 
0 1783 


367 


1.068 


1.055 
1.048 
1.044 


1 040 
1.037 
1.035 
1.033 
1031 


1.145 
1135 
1.123 
1115 
1109 


1104 
1101 


1.096 
1095 


1.093 
1.092 
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Table D.2 Properties of Selected Gases (Continued) 
Temperat. re Gas Density - p Gaa Viscosity -y idea) Gas Specific Heats at Zero Preesure НЕН 
At One Atmosphere | At One Atmosphere | Constant Pressu c, | Сопат Моите | Аав 
| c | F | шт | вуе | рас |мәеейс| мәк |эшетей| ок | Выљтәя | кесі, 


Ethane (R 170) C,H, 









-88.60 -127.48 206E+00 1.28Е-01 6.01 0.126 1372 0.3277 1095 0.2616 1.252 
-50.00 -58.00 1.68E+00 1.06Е-01 7.14 0.149 1474 0.3519 1197 0.2859 1.231 
0.00 32.00 1.36E+00  847E-02 8.58 0.179 1647 0.3934 1370 0.3273 1.202 
50.00 122.00 1.14E400  7.12E-02 10.0 0.209 1848 0.4415 1572 0.3754 1.176 
100.00 212.00 985E-01  6.15E-02 11.4 0.238 2061 0.4924 1785 0.4263 1.155 
150.00 30200 8.68Е-01  5.42E-02 12.8 0.266 2276 0.5435 1999 0.4775 1.138 
200.00 392.00 7.77E-01  4.85E-02 14.1 0.294 2485 0.5934 2208 0.5274 1.125 
250.00 482.00 7.03Е-01 4.39Е-02 15.4 0.321 2684 0.8412 2408 0.5751 1.415 
300.00 572.00 6.41Е-01 4.00Е-02 16.6 0.347 2874 0.6864 2597 0.6204 1.106 
350.00 662.00 5.87Е-01 3.67Е-02 179 0.373 3052 0.7290 2776 0.6629 1.100 
400.00 75200 540E-01  337E-02 19.1 0.398 3219 0.7689 2943 0.7028 1.094 
450.00 84200 5.03Е-01 3.14Е-02 20.2 0.422 3376 0.8062 3099 0.7402 1.089 
500.00 932.00 4.70Е-01 2.94Е-02 214 0.446 3521 0.8411 3245 0.7750 1.085 
600.00 111200 416E-01  2.60E-02 23.5 0.492 3785 0.9041 3509 0.8381 1.079 
700.00 129200 3.74E01  233E-02 25.6 0.535 4017 0.9593 3740 0.8933 1.074 
80000 1472.00 3.39Е-01 2.12Е-02 276 0.576 4220 1.0079 3943 0.9418 1.070 


1000.00 183200 286Е-01 1.78Е-02 31.2 0.651 4559 1.0889 4283 1.0229 1.065 


Fluid Properties 


78.29 


12.27 
100.00 
150.00 
200.00 


250.00 


172.92 
212.00 
302.00 
392.00 
48200 


572.00 
662.00 
752.00 
842.00 
932.00 


54.09 
122.00 
212.00 
302.00 
392 00 


48200 
872.00 
662.00 
752.00 
842.00 


932.00 


-154.62 
-148.00 


32.00 
122 00 


1.65E+00 
1.54E+00 
1.34Е-00 
1.19Е>00 
1.08E+00 


9.82E-01 
9.03E-01 
8.35E-01 
7.77E-01 
7.27Е-01 


2.86Е +00 
2 49Е+00 
2.14E+00 
1.87E+00 
1.67E+00 


1.51E+00 
1.38Е>00 
1.26E+00 
1.17E+00 
1.09Е-00 


1.02E+00 


2.09E+00 
2.05E+00 
1.56E+00 
1.26Е-00 
1 06Е +00 


Ethanol C,H,O 
1.03Е-01 10.4 0.218 
9.61Е-02 11.0 0.231 
8.38Е-02 12.4 0.259 
7.46Е-02 13.7 0.287 
6.73Е-02 15.0 0.314 
6.13Е-02 16.3 0.341 
5.63Е-02 17.6 0.367 
5.21Е-02 18.8 0.393 
4.85Е-02 200 0.418 
4.54E-02 21.2 0.443 


Ethyl Chioride (A 160) C,H,CI 


1.79Е-01 
1.56E-01 
1.33Е-01 
1.17Е-01 
1.04Е-01 


9.42Е-02 
8.59Е-02 
7.89E-02 
7.30E-02 
6.79Е-02 


6.35E-02 
Ethylene 


1.30Е-01 
1.28Е-01 
9.71Е-02 
7.87Е-02 
6.63Е-02 


9.3 0.195 
10.5 0.220 
12.1 0.253 
13.7 0.286 
15.3 0.320 
16.9 0.353 
18.5 0.385 
20.0 0.418 
21.6 0.451 
23.2 0.484 
24.7 0.516 
(R 1150) C,H, 

5.7 0.119 
5.9 0.122 
7.7 0.160 
94 0.196 
11.0 0 230 


1600 
1672 


1987 
2131 


2265 
2389 
2503 


2707 


1030 
1143 
1251 
1352 


1445 
1532 
1611 


1751 


1812 


1225 
1230 
1333 
1477 
1644 


0.3822 
0.3994 


0.4747 
0.5090 


0.5409 
0.5705 
0.5979 
0.6232 


0.2253 


0.2730 
0.2988 
0.3229 


0.3452 
0.3658 
0.3847 
0.4021 
0.4181 


0.4329 


0.2925 
0.2938 
0.3183 
0.3528 
0.3927 


1420 
1492 


1807 
1951 


2323 
2429 
2527 


814 
901 
1014 
1122 
1223 


1317 
1403 
1462 
1555 
1622 


1684 


928 
934 
1036 
1181 
1348 


0.3390 
0.3563 
0.3949 
0.4316 
0.4659 


0.4978 
0.5274 


0.5801 
0.6035 


0.1945 
0.2152 
0.2423 
0.2680 
0.2921 


0.3145 
0.3350 
0.3540 
0.3714 
0.3874 


0.4021 


0.2217 
0.2230 
0.2475 
0.2820 
03219 


1.127 
1.121 
1.109 
1.100 
1.093 


1,087 
1.082 
1.078 
1.074 
1.071 


1.156 
1.443 
1.127 
1.115 
1.105 


1.098 
1.092 
1.087 


1.079 


1.077 


1.319 
1.317 
1.286 
1.251 
1.220 
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Table D.2 Properties of Selected Gases (Continued) 


e Gas Density - p Gas Viscosity ideal Gas Specific Heats at Zero Pressure — 
M Ore Amoah Ü AO Ano  |Олйшиғыште, | Conan voinee À. 
c, 





Ce r | om | eme | Pami | mianem | мук | ouenn | мек esa выльт^В 


Ethylene (R 1150) C,H, (continued) 


100.00 21200 919Е-01 5.73Е-02 12.6 0.263 1819 0.4346 1523 0.3638 1.195 
150.00 30200 8.09Е-01 5.05Е-02 14.1 0.294 1994 0.4762 1697 0.4054 1.175 
200.00 39200 7.23E-01 4.52Е-02 15.5 0.323 2161 0.5162 1865 0.4455 1.159 
250.00 48200 6.54Е-01 408Е-02 16.8 0.351 2320 0.5542 2024 0.4834 1.146 
300.00 57200 5.97Е-01 3.73Е-02 181 0.378 2469 0.5897 2172 0.6189 1.136 
35000 662.00 §.49E-01 3.43Е-02 19.3 0.404 2607 0.6227 2311 0.5519 1.128 
400.00 75200 5.08Е-01 3.17Е-02 20.5 0.429 2735 0.6534 2439 0.5826 1.122 
45000 842.00 4.73E-01 2.95Е-02 21.7 0.452 2854 0.6817 2558 0.6110 1.116 
500.00 932.00 4.42E-01 2.76Е-02 22.8 0.475 2964 0.7080 2668 0.6372 1.111 


Helium (R 704) He 


-268.93  -45207 1.69E«01!  1.06E«00 12 0.026 5193 1.2404 3116 0.7443 1.667 
-250.00 -418.00 2.11E+00 1.32Е-01 3.8 0.079 5193 1.2404 3116 0.7443 1.667 
-200.00 -328.00 6.67Е-01 4.16Е-02 79 0.165 5193 1.2404 3116 0.7443 1.667 
-150.00 -238.00 3.96E-01  247E-02 11.2 0.235 5193 1.2404 3116 0.7443 1 667 
-100.00 -148.00 2.82Е-01 1.76Е-02 13.8 0 289 5193 1.2404 3116 0.7443 1.667 
-50.00 -68.00 2.19Е-01 1.36Е-02 16.3 0.339 5193 1.2404 3116 0.7443 1.667 
0.00 32.00 1.79Е-01 1.11602 18.6 0.388 6193 1.2404 3116 0.7443 1.667 
50.00 122.00 1.51E-01 9.42Е-03 20.8 0 435 5193 1.2404 3116 0.7443 1.667 
100.00 212.00 131E01  8.16E-03 23.0 0.480 5193 1.2404 3116 0.7443 1.667 


150.00 302.00 115E 01  7.20E-03 25.1 0.524 5193 1.2404 3116 0.7443 1.667 


Fluid Properties 


200.00 
250.00 
300.00 
350.00 
400.00 


450.00 
500.00 
600.00 
700.00 
800.00 


1000.00 


68.73 
100.00 
150.00 


250.00 


392.00 1.03Е-01 
482.00 9.32Е-02 
57200 8.51E.02 
662.00 7.83E-02 
752.00 7.25Е-02 


84200 6.75Е-02 
932.00 6.31Е-02 
1112.00 5.69Е-02 
1292.00 5.01Е-02 
1472.00 4.55Е-02 


1832.00 3.83Е-02 


209.17 3.48E+00 
212.00 3.44E+00 
302.00 2.98Е-00 
392.00 2.63E+00 
482.00 2.37E+00 


57200 2.15Е+00 
662.00 1.97Е+00 
75200 1 82Е+00 
842.00 1.70E+00 
932.00 1.58Е-00 


155.71 3 24Е+00 
212.00 292Е-00 
30200 2.64Е-00 
392.00 2.25E«00 
482.00 2.03E+00 


6.44E-03 272 
5 82Е-03 292 
5.31E-03 31.1 
4.89E-03 33.0 
4.52Е-03 348 
4.21Е-03 36.7 
3.94E-03 38.4 
3.49E-03 41.8 
3.13E-03 45.1 
2 84Е-03 483 
2.39E-03 54.1 
Heptane-n С;Н., 
2.16E-01 7.6 
2.15Е-01 73 
1.86E-01 8.3 
1.64E-01 93 
1 48Е-01 10.2 
1.34E-01 11.2 
1.23Е-01 12.1 
1.14E-01 12.9 
1.06E-01 13.8 
9.89E-02 14.6 


Hexane-n C,H., 


2.02Е-01 
1.83E-01 
1.59E-01 
1.41Е-01 
1.27E-01 


0.567 


0.649 
0.689 
0.728 


0.765 
0.802 
0.874 
0.942 


1.131 


0.159 
0.153 
0.174 
0.194 
0.214 


0.233 
0.252 
0.270 
0 288 
0.305 


0152 
0.171 
0.193 
0.215 
0 237 


5193 
5193 
5193 
5193 
5193 


6193 
5193 
5193 
5193 
5193 


5193 


2766 


3076 
3213 
3339 


1.2404 
1,2404 
1.2404 
1.2404 
1.2404 


1.2404 
1.2404 
1.2404 
1.2404 
1.2404 


1.2404 


0.4736 
0.4752 
0.5262 
0.5743 
0.6192 


0.6607 
0.6991 
0.7346 
0.7673 
0.7976 


0.4432 
0.4763 
0.5276 
0.5759 
0.6211 


3116 
3116 
3116 
3116 
3116 


3116 
3116 
3116 
3116 
3116 


3116 


1900 
1907 
2120 
2322 
2509 


2844 
2993 
3130 
3256 


1759 
1898 
2112 
2315 
2504 


0.7443 
0.7443 
0.7443 
0.7443 
0.7443 


0.7443 
0.7443 
0.7443 
0.7443 
0.7443 


0.7443 


0.4537 
0.4554 
0.5064 
0.5545 
0.5994 


0.6409 
0.6793 
0.7148 
07475 
0.7778 


0.0001 
0.0001 


0.0001 
0.0001 


371 


1.667 


1.667 
1.667 
1.667 


1.667 
1.667 
1.867 
1.667 
1.667 


1.667 


1.044 
1.044 
1.039 
1.036 
1.033 


1.031 
1.029 
1.028 
1.027 
1.025 


1055 
1.051 


1.042 
1.039 
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Table D.2 Properties of Selected Gases (Continued) 
"we Gas Density - p Gas Viscosity -y Weal Gas Specific Heats at Zero Pressure — 
At One Atmosphere | At One Atmoaphere [ consan Proasurocp Солаат vomo _ 
Cer | or | em | Paano | misem | gk | Pauen | Мек [eue] 


Hexane-n C,H,, (continued) 










300.00 57200 1.85Е+00 1.16Е-01 123 0.258 2776 0.6630 2680 0.0002 1.036 
350.00 662.00 1.69Е-00 1.06Е-01 13.3 0.278 2938 0.7018 2842 0.0002 1.034 
40000 75200 1.57E4.00  9.78E-02 142 0.297 3088 0.7376 2992 0.0002 1.032 
450.00 842.00 1.45E+00 9.07Е-02 15.1 0.316 3227 0.7707 3130 0.0002 1.031 
500.00 932.00 1.35E+00 6.43Е-02 16.0 0.335 3355 0.8013 3258 0.0002 1.030 


Hydrogen-n (R 702) H, 


-252.77 -422.99 1.33E+00 8.30Е-02 1.1 0.022 14463 3.4545 10339 2.4694 1.399 
-250.00 -418.00 1.12E+00 6.96E-02 1.3 0.026 14463 3.4545 10339 2.4694 1.399 
-200.00 -328.00 3.37E-01 2.10Е-02 3.4 0.070 14463 3.4545 10339 2.4694 1.399 
-150.00 -238.00 1.99Е-01 1.25Е-02 48 0.101 14463 3.4545 10339 2.4694 1.399 
-100.00 -148.00 1.42E-01 866Е03 6.1 0.127 14463 3.4545 10339 2.4695 1.399 
-50.00 -56.00 1.10E-01 6.67Е-03 73 0.152 14464 3.4546 10340 2.4596 1.399 
0.00 32.00 8.99E-02  5.62E-03 83 0.174 14465 3.4549 10341 2.4699 1.399 
50.00 12200 7.60Е-02 4.75Е-03 9.4 0.196 14468 3.4556 10344 2.4706 1.399 
10000 21200 6.58Е-02 4.11Е-03 10.4 0.216 14473 3.4569 10349 2.4718 1.399 
15000 30200 581Е-02 3.62Е-03 11.3 0.236 14482 3.4889 10357 2.4738 1.398 
200.00 392.00 5.19Е-02 3.24Е-03 12.2 0.255 14494 3.4616 10370 2.4788 1.398 
250.00 482.00 4.70Е-02 293Е-03 13.1 0.273 14511 3.4668 10386 2.4807 1.397 
30000 572.00 4.29Е-02 2488Е-03 14.0 0.291 14532 3.4710 10408 2.4859 1.396 
350.00 66200 3.94Е-02 2.46Е-03 14.8 0.309 14560 3.4775 10435 2.4925 1.395 


40000 752.00 3.65Е-02 2.28Е-03 15.6 0.326 14593 3.4854 10469 2.5004 1.394 


Fluid Properties 


450.00 
500.00 
600.00 
70000 
800.00 


1000.00 


150.00 


250.00 
300.00 
350.00 


400.00 
450.00 


356.95 


450.00 
500.00 
600.00 


842.00 3.40Е-02 
932.00 3.18E-02 
111200 2.81Е-02 
1292.00 2.52Е-02 
1472.00 2.29Е-02 


1832.00 1.93E-02 


-121.00 2.50E+00 
-58.00 2.02Е-00 
32.00 1.64Е-00 
122.00 1.38E+00 
212.00 1.19E+00 


302.00 1.05Е+00 
392.00 9.42E-01 
482.00 . 8.51E-01 
572.00 7.77Е-01 
662.00 7.15Е-01 


752.00 6.62Е-01 
842.00 6.16Е-01 
93200 5.76E-01 


674.51 3.89E+00 
752.00 3.64Е-00 
84200 3.39E+00 
93200 3.17E+00 
111200 2.60Е+00 


2.12E-03 16.4 0.343 
1.98E-03 172 0.359 
1.76E-03 18.7 0.391 
1.58E-03 20.2 0.422 
1.43E-03 21.6 0.452 
1.20E-03 24.4 0.509 


Hydrogen Chioride HCI 


1.56E-01 7.8 0.164 
1.26E-01 10.8 0.225 
1.02E-01 13.3 0.278 
8.62Е-02 15.8 0.329 
7.46Е-02 18.2 0.379 
6.57Е-02 20.5 0.428 
5.88E-02 22.8 0.476 
5.32E-02 25.0 0.522 
4.85E-02 27.2 0.587 
4.46Е-02 293 0.611 
4.13E-02 31.3 0.655 
3.84E-02 33.4 0.697 
3.60E-02 35.3 0.738 
Mercury Hg 
2.43E-01 61.9 1.292 
2.27Е-01 66.2 1.382 
2.11E-01 712 1.487 
1.98E-01 76.2 1.592 
1.75E-01 86.2 1.800 


14632 
14678 
14789 
14926 
15090 


813 
819 


833 


103.7 
103.7 
103.7 
103.7 
103.7 


3.4948 
3.5058 
3.5323 
3.5681 
3.6042 


3.7005 


0.1908 
0.1908 
0.1908 
0.1908 
0.1909 


0.1911 
0.1915 
0.1922 
0.1931 
0.1943 


0.1957 
0.1972 
0.1989 


0.0248 
0.0248 
0.0248 
0.0248 
0.0248 


10508 
10554 


10802 
10966 


11369 


571 


62.23 
62.23 
62.23 
62.23 
62.23 


2.5098 
2.5207 
2.5472 
2.5801 
2.6192 


2.7154 


0.1364 
0.1364 
0.1364 
0.1364 
0.1365 


0.1367 
0.1371 
0.1377 
0.1387 
0.1398 


0.1412 
0.1427 
0.1444 


0.0149 
0.0149 
0.0149 
0.0149 
0.0149 
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1.392 
1.391 
1.387 
1.382 
1.376 


1.363 


1.399 
1.399 
1.399 
1.399 
1.399 


1.399 
1.397 
1.395 
1.393 
1.390 


1.386 
1.382 
1.377 


374 Appendix D 
Table D.2 Properties of Selected Gases (Continued) 
Gas Density - p Gas Viscosity +) | __ ideal Gas Specitic Heats at Zero Pressure | — | 
' At One Atmosphere — | At One Atmosphere | Constant Pressure cp | Constart Volumec, | Ба 
| e | f | om | eme | Pamio | мәле | smok | ыт | smok | Beman | кус, 


Methane (R 50) CH, 












-161.49 -258.68 1.82Е+00 1.13Е-01 4.5 0.094 2064 0.4929 1545 0.3691 1.335 
-150.00 -238.00 1.63E+00 1.02Е-01 5.7 0.119 2064 0.4930 1546 0.3692 1.335 
-10000 -148.00 1.14Е+00  7.13E-02 7.3 0.153 2071 0.4946 1553 0.3708 1.334 
-50.00 -58.00 8.80E-01 5.49Е-02 8.9 0.185 2103 0.5024 1585 0.3786 1.327 
0.00 32.00 7.17Е-01 4.48Е-02 10.4 0.217 2175 0.5196 1657 0.3958 1.313 
50.00 122.00 6.06Е-01 3.78Е-02 11.9 0.248 2268 0.5466 1770 0.4228 1.293 
100.00 212.00 5.23Е-01 3.26Е-02 13.3 0.278 2434 0.5814 1916 0.4577 1.270 
150.00 302.00 4.62Е-01  2.88E-02 14.7 0.307 2603 0.6218 2085 0.4980 1.249 
200.00 392.00 4.13Е-01 2.58Е-02 46.0 0.335 2786 0.6653 2267 0.5415 1.229 
250.00 482.00 3.74E-01 2.33Е-02 174 0.363 2974 0.7104 2456 0.5866 1.211 
300.00 572.00 3.41Е-01 2.13Е-02 18.6 0.389 3164 0.7557 2646 0.6319 1.196 
350.00 66200 3.14Е-01 1.96Е-02 19.9 0.415 3351 0.8004 2833 0.6766 1183 
400.00 752.00 2.90Е-01 1.81Е-02 21.1 0.440 3533 0.8439 3015 0.7201 1.172 
450.00 842.00 2.70Е-01 1.69Е-02 22.2 0.464 3709 0.8858 3190 0.7620 1.162 
500.00 932.00 2.53E-01 1.58E-02 23.3 0.487 3877 0.9259 3358 0.8021 1.154 
600.00 111200 224E-01  1.40E-02 25.4 0.531 4189 1.0006 3671 0.8769 1.141 
700.00 129200 2.01Е-01 1.25Е-02 27.4 0.571 4471 1.0680 3953 0.9442 1.131 
80000 1472.00 1.82Е-01 1.14Е-02 291 0.608 4724 1.1284 4206 1.0046 1.123 


1000.00 183200 1.54E-001 959Е02 322 0.672 5155 12312 4637 1.1075 1.112 


o 
~= 
tn 


Fluid Properties 


Methanol CH,O 

64.70 148.46 122Е-00 7.63Е-02 11.4 0.710 1456 0.3478 1197 0.2858 1.217 
100.00 212.00 1.07E+00  6.65bE-02 12.2 0.763 1539 0.3677 1280 0.3057 1.203 
150.00 302.00 9.32E-01 5.82Е-02 13.9 0.870 1663 0.3972 1403 0.3352 1.185 
200.00 392.00 8.30Е-01 5.18Е-02 15.6 0.975 1788 0.4270 1528 0.3650 1.170 
250.00 48200 749E.01 467E02 173 1.079 1911 0.4563 1651 0.3943 1.157 
300.00 572.00 6.83Е-01 4.26 Е-02 18.9 1.182 2029 0.4845 1769 0.4225 1.147 
350.00 662.00 6.27Е-01 3.92E-02 20.6 1.283 2141 0.5113 1881 0.4493 1.138 
400.00 752.00 581Е-01 3.63E02 22.2 1.384 2247 0.5366 1987 0.4746 1.131 
450.00 842,00 §.41E-01 3.37Е-02 23.8 1.484 2346 0.5603 2086 0.4983 1.124 
500.00 932.00 5.06E-01 3.16E-02 25.3 1.583 2439 0.5825 2180 0.5206 1.119 


Methyl Chloride (R 40) CH,CI 


-24.22 -11.60 2.55Е-00 1.59Е-01 93 0.193 744 0.1778 580 0.1384 1.284 
0.00 32.00 231E.00  1.44bE-01 10.0 0.210 774 0.1849 610 0.1456 1.270 
50.00 122.00 1.93E+00 1.20Е-01 11.8 0.247 842 0.2012 678 0.1618 1.243 
100.00 212.00 1.66£+00 1.04Е-01 13.6 0.284 914 0.2183 749 0.1789 1.220 
150.00 302.00 1.46Е+00 9.12E-02 15.3 0.320 985 0.2353 821 0.1960 1.201 
20000 392.00 1.30E+00 8.15Е-02 17.0 0.356 1054 0.2519 890 0.2125 1.185 
250.00 482.00 1.18Е-00 7.36Е-02 18.7 0.391 1120 0.2676 956 0.2282 1.172 
300.00 57200 108E.00 6.71Е-02 20.4 0.426 1182 0.2823 1017 0.2430 1.162 
350.00 66200 9.89E-0!  6.17E-02 22.0 0.460 1240 0.2961 1075 0.2567 1.153 
400.00 752.00 9.15E-01 §.71E-02 23.7 0.494 1293 0.3089 1129 0.2695 1.146 
450.00 84200 8.51E.01  531E.02 25.3 0.528 1343 0.3208 1178 0.2814 1.140 


500.00 932.00 7.96Е-01 497E02 269 0.561 1389 0.3318 1225 0.2925 1.134 
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Table D.2 Properties of Selected Gases (Continued) 


Gas Density - p Gas Viscosity + dea! Gas Specific Heats at Zero Pressure Í | 
At One Atmosphere | At One Atmosphere | Constam Pressurec, — [ConsamVoumec, | Аю 
Le іт | ше | юте | рио | честе | мәк | mmmn | йук | Bum f | Кей, 









Neon (R 720) Ne 

-246.05 -410.89 9.56Е>00 5.97E-01 4.7 0.097 1030 0.2460 618 0.1476 1 667 
-200.00 -328.00 3.38E+00 2.11E-01 11.5 0.239 1030 0.2460 618 0.1476 1.667 
-150.00 -238.00 200Е+00 1.25Е-01 17.0 0.355 1030 0.2460 618 0.1476 1.667 
-100.00 -148.00 142E+00 887Е-02 21.7 0.453 1030 0.2460 618 0.1476 1.667 
-50.00 -58.00 1.10E+00 6.88Е-02 25.9 0.541 1030 0.2460 618 0.1476 1.667 
0.00 32.00 9.00Е-01 5.62Е-02 29.8 0.622 1030 0.2460 618 0.1476 1.667 
§0.00 12200 7.61E-01 4.75E-02 33.4 0.698 1030 0.2460 618 0.1476 1.667 
100.00 212.00 6.59E-01 4.11E-02 36.8 0.769 1030 0.2460 618 0.1476 1.667 
150.00 302.00 5.81E-01 3.63E-02 40.1 0.837 1030 0.2460 618 0.1476 1.667 
200.00 39200 5.20Е-01 3.24Е-02 43 2 0.902 1030 0.2460 618 0.1476 1.667 
250.00 482.00 4.70Е-01  2.93E-02 46.2 0.964 1030 0.2460 618 0.1476 1.667 
30000 572.00 4.29Е-01 2.68Е-02 49.1 1.025 1030 0.2460 618 0.1476 1.667 
350.00 66200 3.95Е-01 2.46Е-02 51.9 1.083 1030 0.2460 618 0.1476 1.667 
400.00 752.00 3.65Е-01 2.28E-02 54.6 1.140 1030 0.2460 618 0.1476 1.667 
450.00 842.00 3.40Е-01 2.12E-02 57.2 1.195 1030 0.2460 618 0.1476 1.667 
500.00 932.00 3.18E-01 1.99Е-02 59.8 1.249 1030 0.2460 618 0.1476 1.667 
600.00 1112.00 2.82Е-01 1.76Е-02 64.8 1.353 1030 0.2460 618 0.1476 1.667 
700.00 1292.00 2.53E-01 1.58Е-02 69.6 1.453 1030 0.2460 618 0.1476 1.667 
80000 1472.00 2.29E-01 1.43Е-02 74.2 1.550 1030 0.2460 618 0.1476 1.667 


1000.00 163200 1.93E-01 121Е-02 63 0 1.733 1030 0.2460 618 0.1476 1.667 


Fluid Properties 


-195.80 
-150.00 
-100.00 
-S0.00 
0.00 
50.00 


100.00 
150.00 


250.00 


300.00 
350.00 
400.00 
450.00 


600.00 
700.00 


1000.00 


-88.48 
-50.00 
0.00 
50.00 
100.00 


150.00 


250.00 
300.00 
350.00 


-320.44 
-238.00 
-148.00 


32.00 


122.00 
212.00 
302.00 
392.00 
482.00 


572.00 
862.00 
752.00 
842.00 
932.00 


1112.00 
1292.00 
1472.00 
1832.00 


-127.26 
-58.00 
32.00 
122.00 
212.00 


302.00 
392.00 
482.00 
572.00 
662.00 


4.61E+00 
2.80E+00 
1.98E+00 
1.53Е+00 
1.25Е+00 


1.06Е +00 
9.15Е-01 
8.07Е-01 
7.21Е-01 
6.52E-01 


5.95E-01 
5.48Е-01 
5.07E-01 
4.72Е-01 
4.41Е-01 


3.91 Е-01 
3.50E-01 
3.18E-01 
2.68E-01 


3.11E+00 
2.44E+00 
1.98E+00 
1.67E+00 
1.44Е-00 


1.27E+00 
1.13E+00 
1.03E+00 
9.36E-01 
8.61E-01 


Nitrogen (R 728) N, 


2.88Е-01 
1.75E-01 
1.24E-01 
9.56E-02 
7.81E-02 


6.60E-02 
5.71E-02 
5.04E-02 
4.50E-02 
4.07E-02 


3.72E-02 
3.42E-02 
3.16E-02 
2.95E-02 
2.76E-02 


2.44E-02 
2.19E-02 
1.99E-02 
1.67E-02 


54 
84 
11.4 
14.1 
16.6 


18.9 
21.0 
23.1 
25.0 
26.8 


28.6 
30.3 
32.0 
33.5 
35.1 


38.0 
40.8 
43.5 
48.6 


0.112 
0.174 
0.238 
0.294 
0.346 


0.394 
0.439 


Nitrous Oxide (R 744A) N,O 


1.94Е-01 
1.52Е-01 
1.23Е-01 
1.04Е-01 
9.00Е-02 


7.93E-02 
7.08E-02 
6.41E-02 
5.85E-02 
5.38Е-02 


9.44 
11.0 
13.5 
15.9 
18.2 


20.4 
22.4 
24.4 
263 
28.2 


0.197 
0.230 
0.282 
0.332 
0.380 


0.425 
0.469 
0.510 
0.550 
0.588 


1039 
1039 
1039 
1039 
1039 


1039 
1041 


1051 
1059 


1068 
1079 
1091 
1103 
1115 


1139 
1161 
1181 
1215 


748 
849 


947 


1024 
1057 
1086 
1112 


0.2481 
0.2481 
0.2481 
0.2481 
0.2481 


0.2482 
0.2487 
0.2495 
0.2510 
0.2529 


0.2552 
0.2578 
0.2606 
0.2635 
0.2664 


0.2720 
0.2773 
0.2620 
0.2901 


0.1788 
0.1894 
0.2028 
0.2150 
0.2261 


0.2359 
0.2446 
0.2524 
0.2594 
0.2657 


918 


559 


711 
758 


799 
835 


897 
923 


0.1772 
0.1772 
0.1772 
0.1772 
0.1772 


0.1774 
0.1778 
0.1787 
0.1801 
0.1820 


0.1843 
0.1869 
0.1897 
0.1926 
0.1955 


0.2011 


0.2112 
0.2192 


0.1336 
0.1443 
0.1576 
0.1699 
0.1810 


0.1908 
0.1995 
0.2073 
0.2143 
0.2205 
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1.338 
1.313 
1.286 


1.249 
1.237 
1.218 


1.211 
1.205 
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Table D.2 Properties of Selected Gases (Continued) 


ла Gas Density - p Gas Viscosity idea) Gae Specific Heats at Zero Pressure o | 
At One Atmosphere 


К cre ean Comunes [Consum voues, — | — Rap 
[s T x louem | eme [reet aene] ук [вин | iex [muss] код 


Nitrous Oxide (R 744A) N,O (continued) 





400.00 752.00 7.97Е-01 4.98E-02 29.9 0.625 1136 0.2713 947 0.2262 1.199 
450.00 842.00 7.42Е-01 4.83Е-02 31.6 0.660 1157 0.2764 968 0.2313 1.195 
500.00 932.00 6.94Е-01 4.33Е-02 33.2 0.694 1177 0.2810 988 0.2359 1.191 
Octane-n C.,H., 
125.88 25822 3.75E+00 2.34E-01 74 0.461 2097 0.5010 2025 0.4836 1.036 
150.00 302.00 3.45E+00 215Е-01 7.7 0.480 2200 0.5254 2127 0.5080 1.034 
200.00 392.00 3.03Е-00 1.89Е-01 8.6 0.536 2401 0.5734 2328 0.5560 1031 
250.00 482.00 271Е-00 169Е-01 9.5 0.593 2588 0.6181 2515 0.6007 1 029 
300.00 572.00 2.46Е-00 1.54Е-01 10.4 0.650 2761 0.6594 2688 0.6420 1.027 
350.00 652.00 226E.00  141E-01 11.3 0.707 2920 0.6975 2848 0.6801 1026 
400.00 752.00 2.08Е+00 1.30Е-01 12.2 0.765 3068 0.7327 2995 0.7153 1.024 
450.00 842.00 1.93E+00 1.20Е-01 13.2 0.823 3203 0.7651 3131 0.7477 1.023 


500.00 932.00 1.79E+00 1.12Е-01 144 0.881 3329 0.7951 3256 0.7777 1.022 


Fluid Properties 


-182.96 
-150 00 
-100.00 


0.00 


50 00 
100.00 
150 00 


250.00 


300.00 
350.00 
400.00 
450.00 
500.00 


600.00 
700.00 


1000.00 


36.07 


100.00 
150.00 
200.00 


250.00 
300.00 
350.00 
400.00 
450 00 


§00.00 


-297.33 4.48Е +00 
-238.00 3 21Е+00 
-146.00 2.26Е+00 
-58.00 1 75Е+00 
3200 1.43Е-00 


122.00 1 21Е-00 
212.00 1.05E+00 
302.00 9.22Е-01 
39200 8 24E-01 
482.00 7.45Е-01 


572.00 6 80Е-01 
66200 6.26Е-01 
75200 5.79Е-01 
84200 5.39Е-01 
93200 5.04Е-01 


111200 4 46E-01 
1292.00 4.01E-01 
147200 3.63E-01 
1632.00 3.06E-01 


96.93 296Е-00 
12200 2 83Е+00 
21200 2 41Е+00 
30200 211E«00 
392.00 1.88E«00 


482 00 1 69Е-00 
572.00 1.54Е+00 
662.00 1 41Е+00 
75200 1 31Е+00 
84200 1 22Е+00 


932.00 1.14Е+00 


Oxygen (А 732) О, 
2 79Е-01 70 
2.00Е-01 94 
1.41E-01 12.9 
1.09Е-01 16.1 
8.92Е-02 19.0 
7.54Е-02 217 
6.53E-02 243 
5.75E-02 26.7 
5.14E-02 29.0 
4.65E-02 31.2 
4.25E-02 33.3 
3.91E-02 35.4 
3.62Е-02 37.4 
3.37Е-02 39.3 
3.15Е-02 41.1 
2 79Е-02 44.7 
2.50Е-02 48.1 
2.27E02 51.3 
1.91Е-02 575 
Ретале-п С.Н, 
1 85E-01 7.0 
1.76E-01 7.6 
1.51E-01 B.7 
1.32Е-01 98 
1.17Е-01 109 
1.06Е-01 11.9 
9.63E-02 128 
8 82E-02 13.8 
8.15E-02 147 
7.59E-02 15.5 
7.10Е-02 16.4 


0.146 


0.696 


0.780 
0.820 
0.859 


0.933 


1.072 
1.201 


0.146 
0.159 
0.183 
0.205 
0 227 


0.248 
0.288 
0.306 
0.325 


0 342 


910 
914 


921 
933 
947 
962 
978 


1009 
1023 
1035 
1047 


1068 
1085 
1100 
1122 


1712 
1774 
1995 
2214 
2422 


2618 
2801 
2970 
3127 
3272 


3406 


0.2172 
02172 
0.2172 
0.2174 
0.2182 


0.2200 
0.2227 
0 2261 
0.2298 
0.2336 


0.2373 


0.2442 
0.2473 
0.2501 


0.2561 
0.2593 
0 2627 
0.2681 


0.4090 
0.4236 
0.4766 
0.5287 
0.5785 


0.6253 
0.6690 
0.7095 
0.7469 
0.7815 


0.8135 


787 


826 


863 


1597 
1658 
2307 
2503 
2855 
3012 
3157 


3291 


0.1551 
0.1551 
01551 
0.1553 
0.1561 


0.1579 
0.1607 
0.1641 
0.1678 
0.1716 


0 1753 
0.1788 
0.1822 
0.1852 
0.1881 


0.1931 
0.1972 
0.2007 
0.2060 


0.3815 
0.3961 
0.4491 
0 5012 
0.5510 


0.5978 
0.8414 
0.6819 
0.7194 
0.7540 


0.7860 
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1.400 


1.400 
1.400 
1397 


1.393 
1.366 
1.378 
1.370 
1.362 


1.354 
1.347 
1.341 
1.335 
1.330 


1.321 
1.315 
1.309 
1301 


1 072 
1 069 
1.061 
1.055 
1.050 
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Table D.2 Properties of Selected Gases (Continued) 


Terrain Gae Density - p Gas Viscosity y [teal Gas Spectic Heats at Zero Pressure | | 
At One Atmosphere | At One Atmosphere | Conetart Presaurec, | Constant Volumes, |) Rato 
е [o les Dew [mee Гален лак | sumo | Мек | esas | k zoya, 





Potassium K 

766.68 1394.02 5.02E-01 3.14Е-02 16.8 0.351 532 0.1270 319 0.0762 1.666 
800.00 1472.00 4.73Е-01 2.95Е-02 17.7 0.370 632 0.1270 319 0.0762 1.666 
1000.00 183200 3.83Е-01 2.39Е-02 22.3 0.465 532 0.1270 319 0.0762 1.666 
1200.00 2192.00 3.28Е-01  2.05E-02 26.3 0.548 532 0.1271 319 0.0763 1.666 

Propane (R 290) C,H, 
-42.04 -43.67 2 42Е+00 1.51Е-01 59 0.123 1384 0.3305 1195 0.2855 1.158 
0.00 32.00 2.01E+00 1.26E-01 76 0.159 1558 0.3722 1370 0.3271 1.138 
§0.00 122.00 1.68E+00 1.05E-01 8.9 0.185 1782 0.4257 1594 0.3806 1.118 
100.00 21200 145E«00  9.05E-02 10.1 0.211 2009 0.4800 1821 0.4349 1.104 
150.00 302.00 1.28Е-00 7.96Е-02 11.3 0.236 2231 0.5329 2042 0.4878 1.092 
200.00 | 39200 114E400 7.11Е-02 12.5 0.260 2442 0.5833 2254 0.5383 1.084 
250.00 482.00 1.03E+00 6.42Е-02 13.6 0.285 2641 0.6307 2452 0.5657 1.077 
300.00 672.00 9.38Е-01 5.86E-02 14.8 0.309 2826 0.6750 2637 0.6299 1.071 
350.00 662.00 863E-01  539E-02 15.9 0.332 2998 0.7161 2810 0.6711 1.067 
400 00 752.00 7.98Е-01 4.98E-02 170 0.356 3158 0.7543 2970 0.7093 1.063 
450.00 842.00 7.43E-01 4.64Е-02 18.1 0.378 3306 0.7897 3118 0.7447 1.060 
50000 932.00 6.95Е-01 4.34Е-02 19.2 0.401 3444 0.8226 3256 0.7776 1.058 
60000 1112.00 6.05Е-01  3.78E-02 21.3 0.444 3691 0.8816 3502 0.8366 1.054 
800.00 1472.00 5.00Е-01 3.12E-02 25.2 0.527 4092 0.9774 3904 0.9324 1.048 


1000.00 1832.00 4.22Е-01  2.63E-02 28.8 0.603 4402 1.0514 4213 1.0063 1.045 
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0.00 


100.00 
150.00 


200.00 
250.00 
300.00 
350.00 
400.00 


450.00 
500.00 


881.45 
1000.00 
1100.00 
1200 00 
1300.00 


1400.00 
1500 00 


-10.02 
0.00 
50.00 
100.00 
150.00 


-53.84 

32.00 
122.00 
212.00 
302.00 


392.00 
482.00 
§72.00 
662.00 
752.00 


84200 
932.00 


1618.61 
183200 
2012 00 
2192.00 
2372.00 


2552 00 
2732 00 


13 96 
32.00 
122.00 
212.00 
302.00 


2 36E«00 
1 92E+00 
1 61E+00 
1.38E+00 
1 22E+00 


1.09Е-00 
9.83E-01 
8.97E-01 
8 24E-01 
7.63E-01 


7 10Е-01 
6 64Е-01 


2 70E-01 
2.32E-01 
1 94Е-01 
1 94Е-01 
1.81E-01 


1 69E-01 
1 59E-01 


3.08E+00 
2.97E+00 
251E«00 
2 17E«00 
191E«00 


Continued on next page. 


Propylene (R 1270) C,H, 


1 47Е-01 
1.20Е-01 
1.00Е-01 
8.64Е-02 
7.60Е-02 


6 79E-02 
6 14E-02 
5 60E-02 
5.15E-02 
4.76E-02 


4.43Е-02 
4 14Е-02 


1.68Е-02 
1.45Е-02 
1.21Е-02 
1.21Е-02 
1 13E-02 


1.06E-02 
9.94E-03 


6.7 

79 

9.4 
108 
121 


13.4 
14.6 
15.8 
16.9 
18.0 


190 
200 


Sodium Ма 


26.7 
281 
296 
312 
328 


346 
36.5 


0.139 
0.165 
0.195 
0 225 
0.252 


0 279 
0.305 
0.329 
0.353 
0.375 


0397 
0.418 


0.558 
0.587 
0618 
0.651 
0.686 


0.723 
0 762 


Sultur Dioxide (R 764) SO; 


1.93E-01 
1 85Е-01 
1 56Е-01 
1.35Е.01 
1.19Е-01 


11.9 
120 
140 
162 
183 


0 248 
0 252 
0.293 
0.338 
0 382 


1275 
1430 
1611 
1798 
1981 
2157 
2322 
2477 
2622 
2756 


2880 
2995 


600 
638 


694 


0 3045 
0 3415 
0.3848 
0.4293 
0.4731 


0.5151 
0.5547 
05917 
0.6262 
0.6582 


0.6879 
0.7184 


0.2117 
0.2117 
0.2117 
0.2117 
0.2117 


02117 
02118 


0.1432 
0.1448 
0.1524 
0.1595 
0.1658 


1077 
1232 
1413 
1600 
1783 


1959 
2128 
2280 
2424 
2558 


2683 
2798 


525 
525 
525 
525 
525 


525 
525 


470 
476 


538 
565 


0 2573 
0.2943 
0 3376 
0.3821 
0 4259 


0 4679 
0 5076 
0 5445 
0.5790 
0.6110 


0.6407 
0.6683 


0.1253 
0 1283 
0.1253 
0.1253 
0 1253 


0.1254 
0.1254 


0.1122 
01138 
01214 
0.1285 
0.1348 
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1183 
1.160 
1140 
1.123 
1111 


1101 
1 093 
1 087 
1.082 
1077 


1.074 
1071 


1.689 
1.689 
1.689 
1.689 
1.689 


1.689 
1.689 


1.276 
1272 
1.255 
1.241 
1.230 
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Table D.2 Properties of Selected Gases (Continued) 
Temperature Gas Density - p Gas Viecosity y | көш Gas Specific Heats at Zero Pressure | | 
At One Atmosphere | At One Atmosphere | Constant Pressure c | Constam Volumec, | — Rap 
[e | F | sem | moe | Pamo | wres | Иәк | Әмбтей| kok | Bremen | kgs 


Sultur Dioxide (R 764) SO;(continued) 










200.00 39200 170E«00 1.06Е-01 20.3 0.424 718 0.1715 588 0.1405 1.221 
250.00 482 00 1.54Е+00 9.58Е-02 22.3 0.465 739 0.1764 609 0.1454 1.213 
300.00 57200 1 40Е+00 8.73Е-02 242 0 504 757 0.1808 627 0.1498 1.207 
350.00 66200 1.28E.00 8.01Е-02 26.0 0.543 773 0.1846 643 0.1536 1.202 
400.00 752.00 119E400 7.40Е-02 27.8 0 580 787 0.1860 657 0.1570 1.197 
450.00 84200 1.10Е+00 6.88Е-02 29.5 0.617 800 0.1910 670 0.1600 1.194 
500.00 93200 1.03Е>00 642Е-02 31.2 0 652 811 0.1937 681 0.1627 1.191 
600.00 111200 9.07Е-01 5.66Е-02 34.5 0 720 830 0.1982 700 0.1672 1.185 
70000 129200 811Е-01 5.06Е-02 37.6 0 786 845 0.2019 716 0.1709 1.181 
800.00 1472.00 7.33Е-01  4.57E-02 406 0.849 858 0.2050 728 0.1740 1178 


100000 183200 613Е-01 3.82E-02 46.3 0.968 878 0.2097 748 0.1787 


ч 


174 
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Sulfur Tñoxide SO, 
4475 112.56 307E+00 1.92E-01 15.3 0 320 655 0.1564 654 01315 1 189 
50.00 12200 3.02E+00 1.88Е-01 154 0.322 660 0.1576 556 0.1328 1.187 
10000 21200 261Е-00 1.63Е-01 174 0.356 705 0.1683 601 0.1435 1.173 
15000 30200 231Е+00 1.44Е-01 19.1 0.400 743 0.1775 639 0.1527 1.162 
200.00 39200 206E+00 1 29E-01 21.2 0.442 776 0.1853 672 0 1605 1.155 
250.00 482.00 1.86E+00 1.16E-01 23.2 0.485 804 0.1921 700 0.1672 1.148 
300.00 S72.00 1 70E+00 1.06Е-01 25.2 0.526 828 0.1978 724 0.1730 1.143 
35000 66200 157E+00 9.77E-02 27.1 0.567 849 0.2029 746 0.1781 1.139 
400.00 75200 145Е>00 9.05E-02 290 0.607 868 0.2072 764 0.1824 1.136 
45000 84200 135Е-00 8.42E-02 309 0.646 884 0.2111 780 0 1863 1.133 
50000 93200 126Е>00 7.68E-02 328 0 684 898 0.2145 794 0.1897 1.431 
600.00 1112.00 1.12E+00 6.98E-02 36.4 0.759 922 0.2202 818 0.1954 1.127 
700.00 129200 100Е:-00 6.26E-02 39.8 0831 941 0.2248 637 0.2000 1.424 
80000 147200 9.09E-01 5.66Е-02 43.1 0 901 957 0.2286 853 0 2037 1.122 
300000 1832.00 7.66Е-01 4.78Е-02 49.3 1030 981 0.2343 877 0.2095 1.118 
Trichlorofluoromethane (R 11) CCLF 

23.82 74.88 591Е+00 3.69Е-01 10.7 0.223 571 0.1365 511 0.1220 1118 
50 00 12200 §31E+00 3.32E-01 12.4 0.256 591 0.1413 531 0.1268 1114 
100.00 21200 456E+00 2.85E-01 14.3 0299 623 0.1488 563 0.1344 1.108 
150.00 30200 400E+00 2.50E-01 16.2 0.338 648 01548 588 0.1404 1103 
200.00 39200 3.57E+00 2.23Е-01 181 0.378 668 0 1596 608 0.1452 1.100 
250 00 482.00 3.21Е+00 2.01Е-01 19.9 0.416 685 0.1635 624 0.1491 1.097 
300.00 57200 292E+00 1.82E-01 218 0.455 698 0.1668 638 0.1523 1 095 
350.00 662 00 2 69Е +00 1 68E-01 236 0.493 709 0 1695 649 0.1550 1 093 
400.00 75200 2.49E+00 1 55E-01 254 0.531 719 01717 659 0.1573 1.092 
450 00 842.00 2.31E+00 1.46Е-01 27.2 0.569 727 0 1737 667 0.1592 1091 


§00.00 93200 2.17E+00 1 356-01 29.0 0.606 734 0.1784 674 0.1609 1.090 
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Table D.2 Properties of Selected Gases (Continued) 


Teen Gas Donshy - p Gas Viscosity y [Weal Gas Specific Heats at Zero Presume | | 
м Оле тарив | One Aneesh. e ome | AM 1 
Le [x lem | sww [mane | wasan | sex tum] sex [muon] Se 









Water (R 718) HO 
100.00 212.00 5.98E.0! 3.73802 123 0.256 1890 0.4514 1429 0.3412 1.323 
150.00 302.00 5.26E-01 329Е02 14.2 0.296 1912 0.4566 1450 0.3464 1.318 
200.00 392.00 4.66E-01 291602 162 0.338 1937 0.4627 1476 0.3524 1.313 
250.00 482.00 4.21Е-01 2.63802 18.2 0.381 1965 0.4694 1504 0.3592 1.307 
300.00 572.00 3.84Е-01 2.40802 203 0.424 1996 0.4767 1534 0.3664 1.301 
35000 662.00 3.53E-01 2.208020 224 0.467 2028 0.4843 1566 0.3741 1.295 
40000 752.00 3.27Е-01 204602 245 0.511 2061 0.4923 1600 0.3821 1 289 
45000 84200 3.04Е01  1.90E-02 265 0.554 2095 0.5005 1634 0.3903 1.282 
50000 93200 2.84Е-01 1.77802 286 0.597 2130 0.5088 1669 0.3986 1.277 
600.00 1112.00 2.52Е-01 1.57Е02 326 0.681 2201 0.5256 1739 0.4153 1.265 
700.00 1292.00 2.26E-01 1.41802 36.6 0.763 2270 0.5423 1809 0.4321 1.255 
800.00 1472.00 2.05Е-01 1.28Е02 404 0.843 2339 0.5567 1878 0.4485 1 246 


1000.00 1832.00 1.72E-01 1.08Е-02 48.7 1.018 2471 0.5901 2009 0.4799 1.230 
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Table D.3 Density and Viscosity of Steam and Compressed Water 


tF p туй Z-pvwRT | pibf-sec/t? | у әс t°F ріп | Z=pwAT | plbt-sectt’ |v it/sec 
10 psia 





32 $2.42| 5.472E-05| 3.737E-05 
100 62.00| 4.B41E-05| 1.423E-05 
(101.74) 61.96] 4.828E-05| 1.398E-05 
0.002998 2.145E-07 
9.002548 2.528E-07 
0.002211 2.963Е-07 
0.001954 3.422Е-07 
0.001585 4.374E-07 
0.001333 5.338E-07 
0.001150 6.288E-07 
0.001012 7.216E-07 
0.000903 8.115E-07 

14.696 psia 

62 42| В 042Е-04 

62 00|7 114Е-04 

60.10] 6.226€-04 

59 81/6 1446-04 

(212.00}] 0.03733] 0.9845 2.565Е-07| 2.211Е-04|(281.02)| 0.1175] — 0.9653| 2.844E-07| 7 791E-05 





300 0.03277 0 9916) 2.954Е-07| 2.901Е-04| 300 0.1140 0,9694) 2.931Е-07| 8.269Е-05 
400 0.02884 0.9954} 3.417E-07) 3.812E-04) 400 0.09938 0.9829| 3.403E-07| 1 102E-04 
500 0.02333 0.9983[| 4.373E-07| 5.030E-04| 600 0.07981 0.9929| 4.368E-07| 1 761E-04 


800 0 01961 0,9993) 5.337Е-07)| 8 757Е-04) 800 0.06690 0.9965| 5.336Е-07| 2 566Е-04 
1000 0.01691 0.9999| 6.289£-07| 1.196E-03| 1000 0.05754 0.9982| 6.290E-07| 3 511E-04 
1200 0.01487 1.0001] 7.217 E-07| 1.562E-03] 1200 0 05064 0.9991| 7 219E-07| 4 5B6E-04 


1400 0.012271 1.00031 8.116Е-071 1.069с-031 1400 | 0.04517| (0.9996 


AV 


B.118E-07| 5,782E-04 





0 010938] 3.731E-05 
0.009875] 1.423E-05 
O 008468| 6.343Е.06 
0.007712} 3.834E-06 
0.007341| 2.877Е-06 
3.254E-07 
3.346Е-07 
4 350Е-07 
5 335Е-07 
6 295Е-07 
7 227E-07 
8.129Е-00 


0.02186 
0.01934 
0.01693 
0.01541 
0 01455 
0.01437 
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Table D.3 Density and Viscosity of Steam and Compressed Water (Continued) 


1.423Е-05 


5.358E-06 
8 151Е-06 
1 
1 


3000 psia 


3.661E-05 

1 424E-05 

6.427E-06 

3 915E-06 

2.804Е-06 

1.719Е-06 

1 335Е-06 

5.068Е-07 
800 4.361|  0.7543| 5 507Е-07| 4 063Е-06] 800 5 684] 0.7037] 5.642E-07| 3.194Е-06 
1000 3.2591 0.8825| 6.492Е-07| 6 408Е-06| 1000 4021| 98585! 6 573Е-07| 5.259Е-06 
1200 2.709| 0.9340| 7 442Е-07| 8.840Е-06| 1200 3.297| 0.9208| 7 510Е.07| 7 329Е-06 
1400 2348|  09615| B 345E-07| 1.144E-05|. 1400 2 8401 09540! 8.407Е-07! 9.524Е-06 


5000 psia 








6 2056-07 
6 789Е-07 
7.674Е-07 
8 545Е-07 
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tc p kg/m? Z =pw/AT ы Ра v ms 1% pkg/m? | Z-pwRT p Pas v m/s 
0.01 Ваг (1 kPa) 0.1 Ваг (10 kPa) 
(6.98) 999.89| 7.735E-06]| 1 42BE-03] t.428E-06 


0 007740 - 
0 007271 
0.006707 
0.005808 
0.004580 
0.003781 
0.003219 
0.002803 


0.002482 





5.471E-04| 5. 988 20|3.393E-03 

3.784Е-04 - 958 .58|3.029Е-03 

2.823Е-04 - 915.31|2.785Е.03 
(100.00) 0.59750 1.228Е-05| 2.065Е-06|(151 87) 2.6677 17 409E-05| 5 282E-06 
200 D 46645 %.618Е-05| 3.469Е-05| 200 2.3537 1.607E-05| 6 828E-06 
300 0.38398 2.029E-05| 5.284E-05| 300 1,9137 2.025Е-05| 1.068Е.05 
400 0.32657 2.445Е-05| 7 487Е-05| 400 1.6200 2.444Е-05| 1 509Е-05 
500 9 28418 2.857Е-05) 1 005Е-04| 500 1.4066 2 958Е-05 2.032Е-05 
600 0.25156 3.216E-05) 1 27BE-04; 600 1.2437 3.263E-05| 2.624E-05 
700 0 22567 3.655Е-05]| 1 620Е-04] 700 1.1149 3 657Е-05| 3 280Е-05 


10 Bar (1 MPa) 15 Bar (1.5 MPa) 


1000.29] 7.930E-03 . - 1000.54|1.189Е-02 


997.47| 7 286Е-03 
986.42| 8 784Е-03 
958 81| 6 056Е-03 
887.15| 5 391Е-03 


1.787 E-03 
B 904E-04 
5 474E-04 
2 829Е-04 
1 339Е-04 
1 256Е-04 


997.69|1.093E-02 
988.64|1.017E-02 
859 05|9.082Е-03 
B66 69|7.954Е-03 


25 Ваг (2.5 МРа) 


1001 05|1 981E-02 
998 14|1.820E-02 
989.08|1.695E-02 
959 52/1 БІЗЕ-02 
865 47|1.323Е-02 

1.305Е-02 


1.780Е-03 
8.898E-04 
5.479E-04 
2 B36E.04 
1.345Е-04 
1.189E-04 





388 Appendix D 


Table D.3 Density and Viscosity of Steam and Compressed Water (Continued) 














100 Bar (10 MPa) 
1004.81|7.894E-02| 1.769E-03 
1001.48|7.257E-02]| 8.889E-04 

992.21|6.757Е-02| 5.487Е-04 
962.98|6.030E-02| 2.849E-04 
871.03|5.257Е-02| 1.357Е-04 
715.58|5 283E-02| 8.642E-05 
1.813E-05]| 7. - 688.63|5.386E-02| 8.153E-05 
1.986E-05| 8. 2.036E-05 
2.438E-05] 1. 2.449E-05 
2.867E-05| 1. 2.898E-05 
3.281E-05| 2. 3.309Е-05 
3.679E-05| 3. 3.709Е-05 





1.181E-01[ 1.759E-03]| t. . .571Е-01| 1 749Е-03 
1.086E-01| 8.881E-04| B. . .445E-01| 8.874E-04 
1 011Е-01| 5.495Е-04 - . .346E-01| 5.504E-04 
9.024E-02| 2.863E-04]| 2. . 200Е-01| 2 876E-04 
7.854E-02| 1.336E-04] 1. - . ,O43E-01| 1.381E-04 
7.812E-02| 8.832E-05| 1. . .029Е-01| 9.006Е-05 
8.752Е-02| 6,930Е-05| 1. . . .381Е-01| 5 594Е-05 
2.729Е-05 
2.596Е-05 
2 982Е-05 
3.391Е-05 
3.786E-05 


1.731Е-03 
8.864Е-04 
§.523E-04 
2 902E-04 
1.405Е-04 
9.318E-05 
4 38ЗЕ-05 
3.171E-05 
3.520E-05 
3.893E-05 


1.722E-03 
8.860E-04 
5.533E-04 
2.915E-04 
1.416E-04 
9.461Е-05 
5 578Е-05 
3.319Е-05 
3.602Е-05 
3.955E-05 





Index 


Absolute pressure. 6 

Absolute viscosity. 3 

Acoustic velocity. 2] 2 

Adiabatic expansion factor, &7 

Adiabatic flow. 68 

Airfoil (see Lifting vane) 

American Petroleum Institute 
scale. 10 

Area change loss. 159 

ASME critical flow venturi nozzles 
(see Venturi nozzle) 

ASME flow nozzle (see Flow 
nozzle) 

ASME orifice meter (see Orifice 
meter) 

ASME venturi tube (vee Venturi 
tube) 

Atmosphere, 35 2 

Atmospheric (standard) pressure, 6 


Barometer, 27 -2 


Baumé scale, 10 

Bend loss, 158 

Bernoullt equation, 49 

Bingham plastic, 2 

Boundary layer. 265-2 

Bourdon tube gage, 27 2 

Bulk modulus of elasticity, 18 2 
Buoyancy, 36 


Centipoise. 14 

Centistoke, 14 

Chezy coefficient, 199 

Cistern manometer (sce Well 
manometer) 

Coefficient of discharge, 221 

Colebrook equation, 148 

Compressible flow in pipes. 
180 2 

Compressible fluids (see Gas 
dynamics) 

Compression shock wave, 96 


390 


Conservation of energy (see 
Energy equation) 
Conservation of mass (sce 
Continuity equation) 
Continuity equation. 44 
Critical conditions. 70 
area, 70 
density, 70 
pressure, 70 
temperature, 70 
velocity. 70 
Critical values for rectangular 
channels, 204 


ID Arcy Wersbach friction factor, 


141 
Density, & 
Dynamic viscosity. 3 


Elastic solid. 2 
Бол flow meter. 244. 2 
Energy, 49 
grade line, 197 
losses in piping systems, 150 2 
specific. 49, 203 ? 
specific internal. 50 
specific kinetic, 49 2 
specific potential, 49 
Energy equation, 55 2 
relation with motion equation. 
58 
nonflow, 58 
and ideal gas specific heat. 61 
Enthalpy. 52 
Entranee loss, 151 
Entropy. 54 
Equation of motion. 46 2 
one dimensional, steady flow. 
48 2 
Equations of state. [6 2 
Eulerian method, 43 
Exit loss, 1 59 


Index 


Exosphere, 36 


Expansion factor 


Fanno ling. 102 2 
Fitting loss. 151 2 
Flow measurement, 219-2 
Flow meters. analysis, 220-2 
Flow nozzle. 229 2 
classifications, 231 
discharge coefficients, 231 
expansion factor, 232 
pressure loss, 233 
throat tap. 229 
uncertainty, 23f 
wall tap. 230 
Flui. | 
dynamics, 46 2 
kinematics, 42 
properties. 4 2.18 2 
statics, 24 2 
Foree. 8 
body. 25 
buoyant, 36 
drag. 262 
coefficient. 263 
cylinder. 275 2 
pressure. 263, 268 2 
skin friction, 263. 265 2 
sphere, 270 2 
inertia. 143 
hit. 262 
coefficient. 363 
viscous, 143 
Friction factor. 141 
Friction loss. 151 
Frictionless flow, 48 
Froude number, 205 


Gas. 4 
ideal. 17 
Gas dynamics, 65 2 
arca velocity relations, 66 2 


Index 


Hazen Williams equation, 190 
Heat, 54 

Hydraulic grade line, 197 
Hydraulic jump. 208 
Hydraulic radius, 48, 200 2 


Impulse momentum equation. 65 
Inchned manometer, 32 
Incompressible fluid. 48 

flow analysis, 141 
lonosphere, 35 
Isentropic flow functions, 72 
Isothermal flow, 134 2 


Karman vortex trails, 262, 278 


Lagrangian method, 42 
Laminar flow, 144 
Lifting vane, 283 2 


Mach number, 67 
Manning relation, 1 
roughness factor, 201 
Manometer, 29 2 
Mass, 8 
Mass flow rate, 44 
Mesosphere, 35 
Moody diagram. 143 


(MY ^ 
77 2 


Natural gas pipelines, 180 
Newton, 8 
Newton's law of viscosity, 3 
Newton’s second law of motion, 8 
unsteady flow, 293 
Newtonian fluid, 2 
Noncircular pipes, 188 
Non-newtonian fluid. 2 
Normal shock function (see Shock 
analysis) 
Nozzle, 87. 
convergent-divergent, 93 2 
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Open channel flow, 196-2 
Orifice meter. 236 2 
discharge coefficient, 238 
expansion factor, 241 
pressure loss, 242 
tap locations, 237 


uncertainty, 24] 


Pipe flow analysis, 140 2 
Pipe sizing, 160 2 
Pipe system design, 162 2 
Pipe system loss, 159 
Pitot tube, 248 2 
Plastic, 2 
Poise, 13 
Pressure, 6 2 
sensing devices, 27 2 
Waves In piping systems, 296-2 
Pressure- height relations for ideal 
gas, 33 
Propeller. 287. 2 


Resistance coefficient, 151 
Reynolds number, 142 
critical, 146 
equations, 143 2 
Roughness, 149 


Saybolt seconds furol (SSF), 14 
Saybolt seconds universal (SSU). 
14 
Saybolt viscometer, 14 
Ship resistance, 28] 2 
Shock analysis, 96 2 
Smokestack design, 280 
Sonic. velocity, 67 
Specific gravity, [0 
Specific volume, 9 
Specific weight, 9 
Stagnation, 69 
density, 69 
pressure, 69 


392 


[Stagnation] 
temperature, 69 
Stoke, 14 
Stratosphere, 35 
Strouhal number, 262 
Subsonic velocity, 67 
Supersonic velocity, 67 
Surface tension, 198 


Tanks, level changes. 303-2 
Temperature, 4 2 
Temperature scale. 5 
Celsius, 5 
Fahrenheit, 5 
Kelvin, 5 
Rankine, 5 
Thermodynamic processes, 14-2 
isentropic, 15 
tsobaric, 15 
isometric, 15 
isothermal, 15 
pressure-height relation, 34-2 
polytropic, 15 
Thermosphere, 35 
Troposphere, 35 
Turbulent flow. 148 


U-tube manometer, 30 
Unsteady flow, 291 2 


Vapor, 4 
Valve loss, 152-2 
Velocity 


Index 


average, 43 
design for piping system, 160--2 
profile in a pipe, 43-2 
sonic (see Sonic velocity) 
Venturt nozzle, 254-2 
Venturi tube, 222 2 
classifications, 223-2 
discharge coefficients, 224 
pressure loss, 226 2 
uncertainty, 224 2 
Viscometer (see Saybolt 
viscometer) 
Viscosity 
dynamic, 3, 11 
gas, 13 
kinematic, 12 
liquid, 13 
units, 13- 2 
Volumetric flow rate, 43 


Wake frequency, 278-2 
Water hammer, 299- 2 
Weber number, 198 
Weight, 8 
Weirs, 211 

rectangular, 212 

triangular, 215 
Well manometer, 31 
Work 

flow, 50 

shaft, 52 

steady flow, 53 


